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e12-1. A car starts from rest and with constant 
acceleration achieves a velocity of 15m/s when it travels a 
distance of 200 m. Determine the acceleration of the car 
and the time required. 


Kinematics: 


vo = 0,v = 15 m/s, so = 0, and s = 200 m. 


(4) _ vo" + 2a,(s — so) 


15? = 0? + 2a,(200 — 0) 
a, = 0.5625 m/s” 

(5S) vaw+ as 
15 = 0 + 0.5625t 


t = 26.78 


12-2. A train starts from rest at a station and travels with 
a constant acceleration of 1 m/s”. Determine the velocity of 
the train when ¢ = 30s and the distance traveled during 
this time. 


Kinematics: 


a, = 1m/s’, vo = 0,59 = 0,andt = 30s. 
(+) v=vo + at 


0 + 1(30) = 30 m/s 


1 2 
S = So + Vot + at 


1 
=0+0+ 5(D(30*) 


= 450m 
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12-3. An elevator descends from rest with an acceleration 
of 5 ft/s” until it achieves a velocity of 15 ft/s. Determine the 
time required and the distance traveled. 


Kinematics: 
a, = 5 ft/s’, vy = 0,v = 15 ft/s, and sy = 0. 
(+1) vV=Vvo + at 

15 =0+ 5t 


t = 3s 


(+1) Vv? = v9? + 2a(s — So) 


15* = 07 + 2(5)(s — 0) 


s = 22:5 ft 


*12-4._ A car is traveling at 15m/s, when the traffic light 
50 m ahead turns yellow. Determine the required constant 
deceleration of the car and the time needed to stop the car 
at the light. 


Kinematics: 
Vo = 0,59 = 0,5 = 50m and vy = 15 m/s. 
Vv? = vo? + 2a,(s — so) 
0 = 15° + 2a,(50 — 0) 
a, = —2.25 m/s* = 2.25 m/s? <— 
V= Vo + Act 
0 = 15 + (—2.25)t 


t = 6.678 
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012-5. A particle is moving along a straight line with the 
acceleration a = (12¢—3¢1”) ft/s’, where ¢ is in seconds. 
Determine the velocity and the position of the particle as a 
function of time. When t = 0,v = Oand s = 15ft. 


Velocity: 


(+) dv = adt 


Vv t 
i} dv = [oe - 31?) dt 
0 0 


v4, = (67? — 21°?) 
0 
v = (60 — 24° )ft/s 


Position: Using this result and the initial condition s = 15 ft att = Os, 


(+) ds = vat 


Ss t 
| ds = | (61? — 20°)ae 
15 ft 0 


4 t 
_ 3 75/2 
ae (2: 5! ) 


0 


4 
s= (2° - ia + 1s) 


12-6. A ball is released from the bottom of an elevator 
which is traveling upward with a velocity of 6 ft/s. If the ball 
strikes the bottom of the elevator shaft in 3 s, determine the 
height of the elevator from the bottom of the shaft at the 
instant the ball is released. Also, find the velocity of the ball 
when it strikes the bottom of the shaft. 


Kinematics: When the ball is released, its velocity will be the same as the elevator at 
the instant of release. Thus, vo = 6ft/s. Also, tf = 3s, so = 0, s = —h, and Un=bFt/s 
a, = —32.2 ft/s”. 


+1 Sago gas 
( 2 


= i 1 1 2, 
h=0 + 6(3) + 5( 32.2)(37) 
h = 127 ft 
= Vo + at 
= 6 + (—32.2)(3) 


= —90.6 ft/s = 90.6 ft/s | 


91962_01_s12-p0001-0176 6/8/09 8:05 AM Page 4 fb 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


12-7. A car has an initial speed of 25 m/s and a constant 
deceleration of 3 m/s’. Determine the velocity of the car 
when t = 4s. What is the displacement of the car during the 
4-s time interval? How much time is needed to stop the car? 


v=vo.+ at 


v = 25 + (-3)(4) = 13 m/s 


As = s — Sy = Vot 4 


As =s—0 = 25(4) 4 ( 3)(4) = 76m 


vV=Vo t+ at 
0 = 25 + (-3)(t) 


t = 8.3358 


*12-8. Ifa particle has an initial velocity of vy) = 12 ft/s to 
the right, at so = 0, determine its position when ¢ = 10s, if 
a = 2 ft/s’ to the left. 


+ Peg aetna 
( 2 


= 0 + 12(10) + > ( 2)(10) 


= 20 ft 


e12-9. The acceleration of a particle traveling along a 
straight line is a = k/v, where k is a constant. If s = 0, 
Vv = Up when t = 0, determine the velocity of the particle as 
a function of time ¢. 


Velocity: 


wee 


a 
t Vv 

dv 

ue i 

he fia 


t= x ( = vo”) 


v = V2kt + v9 
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12-10. Car A starts from rest at ¢ = 0 and travels along a 
straight road with a constant acceleration of 6 ft/s” until it 
reaches a speed of 80 ft/s. Afterwards it maintains this 
speed. Also, when ¢t = 0, car B located 6000 ft down the 
road is traveling towards A at a constant speed of 60 ft/s. 
Determine the distance traveled by car A when they pass 6000 ft 
each other. 


Distance Traveled: Time for car A to achives v = 80 ft/s can be obtained by 
applying Eq. 12-4. 


(+) v= v9 + at 
80 = 0 + 6t 
t = 13.33 s 


The distance car A travels for this part of motion can be determined by applying 
Eq. 12-6. 


(+) uv = vi + 2a, (s — 50) 
807 = 0 + 2(6)(s,; — 0) 
5, = 533.33 ft 


For the second part of motion, car A travels with a constant velocity of v = 80 ft/s 
and the distance traveled in t’ = (t; — 13.33) s (t, is the total time) is 


(+) 52 = vt’ = 80(t, — 13.33) 


Car B travels in the opposite direction with a constant velocity of v = 60 ft/s and 
the distance traveled in f, is 


(5) 53 = uty = 60f; 


It is required that 
51 + Sy + 83 = 6000 
533.33 + 80(t; — 13.33) + 60f; = 6000 
t, = 46.675 


The distance traveled by car A is 


54 = 51 + 8) = 533.33 + 80(46.67 — 13.33) = 3200 ft 
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12-11. A particle travels along a straight line with a 
velocity v = (12 — 37) m/s, where ¢ is in seconds. When 
t = 1s, the particle is located 10 m to the left of the origin. 
Determine the acceleration when ¢ = 4s, the displacement 
from ¢ = 0 tot = 10s, and the distance the particle travels 
during this time period. 


v= 12 - 3 


_a 


= —6t = —24 m/s” 


a 
t=4 


dt 
Ss t t 
i ds = fr i [2-3 ar 
—10 1 1 


10 = 12t-P - 11 


s=12t-fP-21 
S|+=0 = —-21 


sh=10 = —901 


As = —901 — (—21) = -880m 
From Eq. (1): 


v = Owhent = 2s 


sl. = 12(2) - 2/2 - 21 = -5 


sp = (21 — 5) + (901 — 5) = 912m 
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*12-12. A sphere is fired downwards into a medium with 
an initial speed of 27 m/s. If it experiences a deceleration of 
a = (—6t) m/s’, where t is in seconds, determine the 
distance traveled before it stops. 


Velocity: vp = 27 m/s at tg = 0s. Applying Eq. 12-2, we have 


(+1) dv = adt 


Uv t 
[uw = [esa 
27 0 


v = (27 - 3°) m/s 
At v = 0, from Eq.[1] 
0=27-3 t=3.00s 


Distance Traveled: sj = 0 m at f9 = 0s. Using the result v = 27 — 377 and applying 
Eq. 12-1, we have 


(+1) ds = vdt 


| ae ; (27 — 31°) dt 
0 0 


s=(27-#)m 
Att = 3.00 s, from Eq. [2] 


s = 27(3.00) — 3.00° = 54.0m 


012-13. A particle travels along a straight line such that in 
2 s it moves from an initial position s, = +0.5m to a 
position sz = —1.5 m.Then in another 4 s it moves from sg 
to sc = +2.5 m. Determine the particle’s average velocity 
and average speed during the 6-s time interval. 


As = (Sc — 54) = 2m 


sp = (054154154 2.5) =6m 
t=(2+ 4)=6s 


As 2 
Vavg = eo = 6 = 0.333 m/s 


ST 6 
(Vsp)avg = 7a = 6 =1 m/s 
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12-14. A particle travels along a straight-line path such 
that in 4s it moves from an initial position s, = —8mtoa 
position sz = +3 m.Then in another 5 s it moves from sz to 
Sc = —6m. Determine the particle’s average velocity and 
average speed during the 9-s time interval. 


Average Velocity: The displacement from A to C is As = sc 
=2m. 


a 
445 


Ca 
Average Speed: The distances traveled from A to B and B to C are O on 


: ann men --<--" 
Sasgp=8+3=11.0m and sg.c =3 + 6= 9.00m, respectively. Then, the 
total distance traveled is sto, = 5438+ Sg—sc = 11.0 — 9.00 = 20.0 m. 


= 0.222 m/s 5 m 3m 


4=-8m -6m S:0 5gx3m 


Stot _ 20.0 


= 299 
445 ms 


12-15. Tests reveal that a normal driver takes about 0.75 s 
before he or she can react to a situation to avoid a collision. 
It takes about 3 s for a driver having 0.1% alcohol in his 
system to do the same. If such drivers are traveling on a 
straight road at 30 mph (44 ft/s) and their cars can 
decelerate at 2 ft/s’, determine the shortest stopping 
distance d for each from the moment they see the 
pedestrians. Moral: If you must drink, please don’t drive! 


Stopping Distance: For normal driver, the car moves a distance of 
d' = vt = 44(0.75) = 33.0 ft before he or she reacts and decelerates the car. The 
stopping distance can be obtained using Eq. 12-6 with sy = d' = 33.0 ft and v = 0. 


+ 2a. (Ss — So) 


0? = 44° + 2(—2)(d — 33.0) 


d = 517ft Ans. 


For a drunk driver, the car moves a distance of d’ = vt = 44(3) = 132 ft before he 
or she reacts and decelerates the car. The stopping distance can be obtained using 
Eq. 12-6 with sy = d’ = 132 ft and v = 0. 


= vp + 2a, (s — 50) 


0? = 44? + 2(—2)(d — 132) 


d = 616 ft 
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*12-16. As a train accelerates uniformly it passes 
successive kilometer marks while traveling at velocities of 
2 m/s and then 10 m/s. Determine the train’s velocity when 
it passes the next kilometer mark and the time it takes to 
travel the 2-km distance. 


Kinematics: For the first kilometer of the journey, vp = 2 m/s, v = 10 m/s, sy = 0, 
and s = 1000 m. Thus, 


(+4) v? = vo" + 2a, (s — 59) 


10° = 27 + 2a, (1000 — 0) 
a, = 0.048 m/s? 


For the second kilometer, vg = 10m/s, sg =1000m, s = 2000m, and 
0.048 m/s”. Thus, 


= a+ 2a, (s = So) 


= + 2(0.048)(2000 — 1000) 
v = 14m/s 
For the whole journey, vy = 2 m/s, v = 14 m/s, and 0.048 m/s”. Thus, 
(+) vV=Vo + at 
14 = 2 + 0.0481 


t = 250s 


¢12-17._ A ball is thrown with an upward velocity of 5 m/s 
from the top of a 10-m high building. One second later 
another ball is thrown vertically from the ground with a 
velocity of 10 m/s. Determine the height from the ground 
where the two balls pass each other. 


Kinematics: First, we will consider the motion of ball A with (v4)) = 5 m/s, 
(s4)o = 0,54 = (h — 10) m,t, = t',and a, = —9.81 m/s. Thus, 


(),=5mls 


(+1) Sa = (Sa)o + (Va)ota + 5 ait? 9.81 m/s* 


¢ 
{ 
' 
J 
h-10=0+ 5¢' 4 ot 9.81)(t')? 1 
T T 2 . A 
h = 5t' — 4.905(t'? + 10 


Motion of ball B is with (vg)) = 10m/s, (sg)) = 0, sg =A, tg =0' 
a, = —9.81 m/s. Thus, 


(+f) SB = (Sp)o + (Va)ote + 5a tee 


1 
h=0+ 10(t' — 1) 4 ra 9.81)(t’ — 1) 
h = 19.81t' — 4.905(t’)? — 14.905 


Solving Eqs. (1) and (2) yields 
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12-18. A car starts from rest and moves with a constant 
acceleration of 1.5 m/s” until it achieves a velocity of 25 m/s. 
It then travels with constant velocity for 60 seconds. 
Determine the average speed and the total distance traveled. 


Kinematics: For stage (1) of the motion, vp = 0, so = 0, v = 25m/s, and 
a, = 1.5 m/s’. 
(+) V= Vo + Act 
25 =0+4 1.51, 
t, = 16.675 
(+) v? = v9" + 2a(s — 50) 
25? = 0 + 2(1.5)(s, — 0) 
5; = 208.33 m 


For stage (2) of the motion, sy = 108.22 ft, v9 = 25 ft/s,t = 60s, and a, = 0. Thus, 


4 (agua ad 
( 2 


s = 208.33 + 25(60) + 0 
= 1708.33ft = 1708 m 


The average speed of the car is then 


RY 1708.33 
See oo _ 
“Et +t 16.67 + 60 


= 22.3 m/s 


12-19. A car is to be hoisted by elevator to the fourth 
floor of a parking garage, which is 48 ft above the ground. If 
the elevator can accelerate at 0.6 ft/s’, decelerate at 
0.3 ft/s’, and reach a maximum speed of 8 ft/s, determine 
the shortest time to make the lift, starting from rest and 
ending at rest. 


v? = v6 + 2a, (s — 50) 


Vax = 0 + 2(0.6)(y — 0) 


0 = Vaux + 2(—-0.3)(48 — y) 


0 = 12 y — 0.6(48 — y) 


y = 16.0 ft, Vmax = 4.382 ft/s < 8 ft/s 
+f y= Vo + at 

4.382 =0+ 0.6% 

t, = 7.303 s 

0 = 4.382 — 0.3% 

tp = 14.61 s 


t=t) +h = 219s 
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*12-20. A particle is moving along a straight line such that 
its speed is defined as v = (—4s”) m/s, where s is in meters. 
If s=2m when t=0, determine the velocity and 
acceleration as functions of time. 


( 7) = ( ao) me 


_ dv _ 16(2)(8t + 1)(8) | ( 256 ) js? 


dt (8t + 1)4 (8¢ + 1)° 
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e12-21. Two particles A and B start from rest at the origin 
s=0 and move along a straight line such that 
a, = (6t — 3) ft/s’ and ag = (1227 — 8) ft/s”, where ¢ is in 
seconds. Determine the distance between them when 
t = 4s and the total distance each has traveled int = 4s. 


Velocity: The velocity of particles A and B can be determined using Eq. 12-2. 


dv, = a,dt 


= | re — 3)dt 


= 3? — 3t 
a apdt 


UB t 
| dup yf (121? — 8)dt S,=-OS kt S, Sy = 40.0 fi 
0 0 s t=4s5 


vz = 40 — 8t 
The times when particle A stops are 
3° — 3t =0 t= Osand=1s 


The times when particle B stops are Sy=~4.0f Sp=0 
48 — 8 =0 t=Osandt= V2s eae aCe 


Position: The position of particles A and B can be determined using Eq. 12-1. 


ds 4 = vydt 


SA t 
| ds4 [ (3t? — 3r)dt 
0 0 
3 3 2 


Sag=t — 5! 
dsp = vpgdt 
$B t 
| dsp [ (4° — 82)dt 
0 0 
Sp = tt — 41° 


The positions of particle A att = 1s and4s are 


3 
Salas = 0 5 = 0.500 ft 


3 
Saliass =P - 5 (4°) = 40.0 ft 
Particle A has traveled 
d, = 2(0.5) + 40.0 = 41.0 ft 
The positions of particle B at t = V2 and 4s are 
Spliev2 = (V2)* — 4(V2)? = —4 ft 
Sp laa = (4)* — 4(4) = 192 ft 
Particle B has traveled 
dz = 2(4) + 192 = 200 ft 
Att = 4s the distance beween A and B is 
As 4p = 192 — 40 = 152 ft 
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12-22. A particle moving along a straight line is subjected 
to a deceleration a = (—2v*) m/s’, where v is in m/s. If it 
has a velocity v = 8m/s and a position s = 10m when 
t = 0, determine its velocity and position when t = 4s. 


Velocity: The velocity of the particle can be related to its position by applying 
Eq. 12-3. 


= Pay 


~ 16s — 159 M1 


Position: The position of the particle can be related to the time by applying Eq. 12-1. 


d 
7S 
Vv 


t Ss 
1 
[a | = (16s — 159) ds 
0 10m 8 


8t = 85° — 159s + 790 
When t = 4s, 
8(4) = 8s* — 159s + 790 
8s? — 159s + 758 = 0 
Choose the root greater thanlO ms = 11.94m = 11.9m 


Substitute s = 11.94 m into Eq. [1] yields 


8 
= 0.250 
” 1611.94) — 159 aS 
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12-23. A particle is moving along a straight line such that 
its acceleration is defined as a = (—2v) m/s”, where v is in 
meters per second. If v = 20m/s when s = 0 and t = 0, 
determine the particle’s position, velocity, and acceleration 
as functions of time. 


a= -—2v 


dv 


—2v 


dt 

vd t 
[o- [a 
20 Vv 0 


v = (20e~*)m/s 


d 
a= © = (—40e**)m/s* 


Ss t t 
[ ds = [> dt = | (20e77")dt 
0 0 0 


s = —10e-~6 = —10(e-*% — 1) 


s=100 -e7)m 
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*12-24. A particle starts from rest and travels along a 
straight line with an acceleration a = (30 — 0.2v) ft/s’, 
where v is in ft/s. Determine the time when the velocity of 
the particle is v = 30 ft/s. 


Velocity: 


(a) ae 


a 
t Vv 
d 
[e- [| wom 
0 9 30 — 0.2v 


1 
t\; = ——~1In(30 — 0.2v) 
0.2 ; 


t= Sin 
30 — 0.2v 


30 
= 5 = 1.12 
*~ 730 — 0.2(50) : 


012-25. When a particle is projected vertically upwards 
with an initial velocity of vp, it experiences an acceleration 
a = —(g + kv’) ,where g is the acceleration due to gravity, 
k is a constant and v is the velocity of the particle. 
Determine the maximum height reached by the particle. 


Position: 


(+1) ge 


a 
fa-f eee 
0 » gtk 


v 


1 2 
-| in(g + kv ) 
1 1 g t+ kv? 
PON et Fa 

The particle achieves its maximum height when v = 0. Thus, 

1 8g af kv? 

= >In 
2k g 


1 k 
=> + =v" 
rk n(1 zt 


vo 
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12-26. The acceleration of a particle traveling along a 
straight line is a = (0.02e') m/s’, where ¢ is in seconds. If 
v = 0, s=0 when ¢ = 0, determine the velocity and 
acceleration of the particle at s = 4m. 


Velocity: = q = 0,02e°°”? = 4.13 m/s* 
( as ) dv = adt 


vj, = 0.02e" 
0 


v = [0.02(e' — 1)| m/s 
Position: 


(4) ds = vat 


| ae if (0.02( — 1)dt 
0 0 


t 
sly = 0.02(e — r) 
0 
s = 0.02(e —t-1)m 
When s = 4m, 
4 = 0.02(e — t - 1) 
e'—t-— 201 =0 
Solving the above equation by trial and error, 
t = 5.329s 
Thus, the velocity and acceleration when s = 4m (ft = 5.329s) are 
v = 0.02(e° — 1) = 4.11 m/s 


a = 0.02e°°” = 4.13 m/s? 


12-27. A particle moves along a straight line with an 
acceleration of a = 5/(3s'> + s¥*) m/s’, where s is in 
meters. Determine the particle’s velocity when s = 2 m, if it 
starts from rest when s = 1m. Use Simpson’s rule to 
evaluate the integral. 


5 


53 (35% ot s) 


ads =vdv 


if 5 ds 
1 (3s: + s) 


0.8351 = ae 
2 


v = 1.29 m/s 
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*12-28. If the effects of atmospheric resistance are 
accounted for, a falling body has an acceleration defined by 
the equation a = 9.81[1 — v°(10~“)] m/s”, where v is in m/s 
and the positive direction is downward. If the body is 
released from rest at a very high altitude, determine (a) the 
velocity when t = 5s, and (b) the body’s terminal or 
maximum attainable velocity (as t > 0). 


Velocity: The velocity of the particle can be related to the time by applying Eq. 12-2. 


(+1) 


t U 
du 
fa-f 3 
0 9 9.81[1 — (0.01v)?] 


; 1 [f du i du 
~ 9.81 0 2(1 + 0.01v) 0 2(1 — 0.01v) 


Tf ate 
1 — 0.01lu 


9.81t = soin( 


100(e°-19 = 1) 
~ 0: 1962t oa | 


Vv 


a) Whent = 5s, then, from Eq. [1] 


100[e9 19) = 1] 
v= 3019625) 4 = 45.5 m/s 


0.1962¢ __ 1 


b) Ift > ~ — 1.Then, from Eq. [1] 


J 
0: 1962t +1 


Umax = 100 m/s 


91962_01_s12-p0001-0176 6/8/09 8:06 AM Page 18 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


¢12-29. The position of a particle along a straight line is 
given by s = (1.50 — 13.5 + 22.5t) ft, where ¢ is in 
seconds. Determine the position of the particle when 
t = 6s and the total distance it travels during the 6-s time 
interval. Hint: Plot the path to determine the total distance 
traveled. 


Position: The position of the particle when ¢t = 6s is 


slp-6s = 1.5(6°) — 13.5(6*) + 22.5(6) = —27.0 ft Ans. 


Total Distance Traveled: The velocity of the particle can be determined by applying 
Eq. 12-1. 


ee “ = 45022 — 27.0t + 22.5 ook a 


eae: 
The times when the particle stops are ef a a re ere are amg 
‘0 ft 
52-375 S*-270fL = S20 Se 5St 
t=1s t=5s t*5s t= 6s feo = tels 


4.501? — 27.0t + 22.5 = 0 


The position of the particle at t = 0s,1sand5s are 
slo, = 1.5(0°) — 13.5(0?) + 22.5(0) = 0 


sais = 1.5(1°) — 13.5(12) + 22.5(1) = 10.5 ft 


slass = 1.5(5*) — 13.5(5?) + 22.5(5) = —37.5 ft 


From the particle’s path, the total distance is 


Sto. = 10.5 + 48.0 + 10.5 = 69.0 ft 
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12-30. The velocity of a particle traveling along a straight 
line is v = Ug — ks, where k is constant. If s = 0 whent = 0, 
determine the position and acceleration of the particle as a 
function of time. 


Position: 


(+) 


Velocity: 


12-31. The acceleration of a particle as it moves along a 
straight line is given by a = (2t — 1) m/s’, where ¢ is in 
seconds. If s = 1 mand v = 2 m/s whent = 0, determine the 
particle’s velocity and position when t = 6s. Also, determine 
the total distance the particle travels during this time period. 


fer 1) dt 


rP—-tt+2 


t 
= f@-1+ aa 
0 
1 1 


=if 274 9t4 
3 2 


When t = 6s, 


Since v # 0 then 
d=67-1= 66m 
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*12-32. Ball A is thrown vertically upward from the top 
of a 30-m-high-building with an initial velocity of 5 m/s. At 
the same instant another ball B is thrown upward from the 
ground with an initial velocity of 20 m/s. Determine the 
height from the ground and the time at which they pass. 


Origin at roof: 


Ball A: 


+1 ae eee 
( D 


1 
-s=04+5t- 7 O8De 


Solving, 
t=258 


s= 962m 


Distance from ground, B 
d = (30 — 9.62) = 20.4m origin at roof 


Also, origin at ground, 


S = Sot vot + 5 act 


1 
sy, = 304+ 5t+ 3 9 8Der 


if 
Sg = 0+ 201 + 5 (—9.81)¢? 


Require 


at ground. 


SA = SB 


1 
9.81)t? 
5 ( ) 
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°12-33. A motorcycle starts from rest at t = 0 and travels 
along a straight road with a constant acceleration of 6 ft/s” 
until it reaches a speed of 50 ft/s. Afterwards it maintains 
this speed. Also, when ¢ = 0,a car located 6000 ft down the 
road is traveling toward the motorcycle at a constant speed 
of 30 ft/s. Determine the time and the distance traveled by 
the motorcycle when they pass each other. 


Motorcycle: 
(+) v=vytat’ 
50 = 0 + 6’ 
t' = 8.338 
v? = vb + 2a. (s — So) 
(50)? = 0 + 2(6)(s’ — 0) 
s’ = 208.33 ft 
Int’ = 8.33 s car travels 
s” = vot’ = 30(8.33) = 250 ft 
Distance between motorcycle and car: 


6000 — 250 — 208.33 = 5541.67 ft 
When passing occurs for motorcycle, 
S = vot; x = 50(t”) 

For car: 


S = vot; 5541.67 — x = 30(¢t”) 


Solving, 28.335 t=8.335 


x = 3463.54 ft rm ( Dots aon) to 


t” = 69.27s 


x 554/67 -X  A50Ht 
Thus, for the motorcycle, 208-33 ft 


t = 69.27 + 8.33 = 77.68 Ans. 


Sm = 208.33 + 3463.54 = 3.67(10)° ft Ans, 
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12-34. A particle moves along a straight line with a 
velocity v = (200s)mm/s, where s is in millimeters. 
Determine the acceleration of the particle at s = 2000 mm. 
How long does the particle take to reach this position if 
s = 500 mm when t = 0? 


Acceleration: 


(+) & = 200s 


d 
Thus, a = ve = (200s)(200) = 40(103)s mm/s? 
AY 


When s = 2000 mm, 
a = 40(10°)(2000) = 80(10°) mm/s? 
Position: 


=) 


v 
t Ss 
d 
Le foam 3 
0 500 mm 200s 
t S 
1 


t) = =—lIns 
0 200 500 mm 
1 KY 


= 300 |" 500 
At s = 2000 mm, 


t 


1 1 2000 


‘= 500" 500 


= 6.93(10-3)s = 6.93 ms 
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™12-35. A particle has an initial speed of 27 m/s. If it 
experiences a deceleration of a = (—6t) m/s”, where f is in 
seconds, determine its velocity, after it has traveled 10 m. 
How much time does this take? 


Velocity: 
ee) 


) t 
v}lo= (-327) 

27 0 
v = (27 — 30°) m/s 


ds = vat 


‘| = (27¢ - #) 
0 0 


s = (27t — ?) m/s 


When s = 100m, 
t = 0.372s 
v = 26.6 m/s 


*12-36. The acceleration of a particle traveling along a 
straight line is a = (8 — 2s) m/s”, where s is in meters. If 
v = 0 at s = 0, determine the velocity of the particle at 
s = 2m, and the position of the particle when the velocity 
is maximum. 


Velocity: 
( a ) vdv = ads 


[vw [e290 
0 0 
2 Vv 


S 
Vv 


0 


v = V 16s — 2s* m/s 


Ats =2m, 


Vs-2m = V16(2) — 2(27) = 4 


d 
When the velocity is maximum a = 0. Thus, 
s 


dv _ 16 — 4s 7 
ds 2\/16s — 2s? 


16 —- 4s =0 


s=4m 
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e12-37. Ball A is thrown vertically upwards with a 
velocity of vp. Ball B is thrown upwards from the same point 
with the same velocity ¢ seconds later. Determine the 
elapsed time ¢ < 2v9/, from the instant ball A is thrown to 
when the balls pass each other, and find the velocity of each 
ball at this instant. 


Kinematics: First, we will consider the motion of ball A with (v4)o = vo, (S4)o = 9, 
SA = h,t, = t’,and (a.)A = i 2 


(+1) Sa = (Sa)o + (Vadota + Hada ta? 
h=0+ vot’ + s(-8)e? 


&§ 
h = vot’ — 1’? 
Vo 5 


4 


Va = (Valo + (data 


Va = vo + (—g)(t') 


Ons mies 


V4 = Vo — gt (2) 


The motion of ball B requires (vg)y = Vo, (sg)o = 0, Sg = h, tg = t'— t, and 
(a-)B pes <4 


(+1) 5B = (Sp)o + (Va)ota + > (a,) stp? 
2 


_—ee ooo eee ey, 


h=0+ vo(t'— 1) 4 = ( g(t’ — ty 


h= v(t) -F'- 9) 


—= 
SS 


H 
3 
b 


10.9] 


Ve = (va)o + (a-)ate 
Vp = Vo + (~g)(t'— 2) 
vp = vo — g(t’ — £) 


Solving Eqs. (1) and (3), 


& ’ 2 
t t 


, § , 
Vot t~ = volt t 
0 2 of ) 
, _ 2¥o + gt 
a a ee 
2g 


Substituting this result into Eqs. (2) and (4), 


2v9 + gt 
va = Vo — & 2g 


ere 
28 58 


2vo Sal gt 
=Vo— & 2g 
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12-38. As a body is projected to a high altitude above the 
earth’s surface, the variation of the acceleration of gravity with 
respect to altitude y must be taken into account. Neglecting air 
resistance, this acceleration is determined from the formula 
a = —g [R°/(R + y)’], where gy is the constant gravitational 
acceleration at sea level, R is the radius of the earth, and the 
positive direction is measured upward. If gy = 9.81 m/s” and 
R = 6356 km, determine the minimum initial velocity (escape 
velocity) at which a projectile should be shot vertically from 
the earth’s surface so that it does not fall back to the earth. 
Hint: This requires that v = Oas y > ov, 


= ady 


= sor | Se Faso! 
0 (R+y) 


§0 Re 


R+ ylo 
V2goR 
V 2(9.81)(6356)(10)° 


11167 m/s = 11.2 km/s 


12-39. Accounting for the variation of gravitational 
acceleration a with respect to altitude y (see Prob. 12-38), 
derive an equation that relates the velocity of a freely falling 
particle to its altitude. Assume that the particle is released from 
rest at an altitude yo from the earth’s surface. With what velocity 
does the particle strike the earth if it is released from rest at an 
altitude yy = 500 km? Use the numerical data in Prob. 12-38. 


From Prob. 12-38, 
R 


Cen) a= “80 Rs yp? 


Since ady = vdv 


then 


y dy v 
= we Geen [ve 
a 95 CRE 
1 


vy=-R | 280 (yo — Y) 
(R + y)(R + yo) 


When yo = 500km, y=0, 


~6356(10°) Hl 2(9.81)(500)(10%) 
6356(6356 + 500)(10°) 


—3016 m/s = 3.02km/s | 
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*12-40.. When a particle falls through the air, its initial 
acceleration a = g diminishes until it is zero, and thereafter it 
falls at a constant or terminal velocity v;. If this variation of 
the acceleration can be expressed as a = (g/ vf) (v"¢ — v), 
determine the time needed for the velocity to become 
v = 0,/2. Initially the particle falls from rest. 
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e12-41. A particle is moving along a straight line such that 
its position from a fixed point is s = (12 — 1547 + 5¢°) m, 
where f is in seconds. Determine the total distance traveled 
by the particle from ¢ = 1s tot = 3s. Also, find the average 
speed of the particle during this time interval. 


Velocity: 


ds d 


a dt dt 


(12 


v = —30r + 1527 m/s 


The velocity of the particle changes direction at the instant when it is momentarily 
brought to rest. Thus, 


v = —30t + 1577 = 
t(—30 + 15t) = 0 


t = Oand2s 


Position: The positions of the particle at ¢ = 0s,1s,2s,and3s are 


sl=os = 12 — 15(0°) 


12 — 15(17) 


12 — 15(27) 


12 — 15(3?) 


Using the above results, the path of the particle is shown in Fig. a. From this figure, 
the distance traveled by the particle during the time interval f = 1s tot = 3sis 


Spot = (2 + 8) + (8 + 12) = 30m Ans. 


The average speed of the particle during the same time interval is 


— STot _ 
Vavg = At = 


Ase weer w woo wn ee 


re ce eee ee ee ee ee ee 
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12-42. The speed of a train during the first minute has 
been recorded as follows: 


t (s) 60 
v (m/s) 0 16 21 24 


Plot the v—t graph, approximating the curve as straight-line 
segments between the given points. Determine the total 
distance traveled. 


The total distance traveled is equal to the area under the graph. 


sp = 5 (20)(16) 5 (40 20)(16 + 21) 4 5 (60 40)(21 + 24) = 980 m 
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12-43. A two-stage missile is fired vertically from rest 
with the acceleration shown. In 15 s the first stage A burns 
out and the second stage B ignites. Plot the v—t and s—t 
graphs which describe the two-stage motion of the missile 
for0 =¢ = 20s. 


Since v = , a dt, the constant lines of the a-t graph become sloping lines for the v-t graph. 


The numerical values for each point are calculated from the total area under the a—t graph to 
the point. 


Att=15s, v= (18)(15) = 270 m/s 


Att=20s, v= 270 + (25)(20 — 15) = 395 m/s 


Since s = / v dt, the sloping lines of the v-t graph become parabolic curves for the s—t graph. 


The numerical values for each point are calculated from the total area under the v-t graph to 
the point. 


1 
Atr= 15s, s = 5 (15)(270) = 2025 m 


1 
s = 2025 + 270(20 — 15) + 5 (395 — 270)(20 — 15) = 3687.5 m = 3.69 km 


vim/s) 
395 


270 
=v +a.t=0+ 18 


1 2 
+ t+ t=0+04 
So © Vo 9 


Att = 15: 
18(15) = 270 


= 9(15)° = 2025 


+ a.t = 270 + 25(t — 15) 


1 1 
So + vot + 5a = 2025 + 270(t — 15) + 5 (25)(t 15) 


When t = 20: 
v = 395 m/s 


s = 3687.5 m = 3.69 km 
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*12-44._ A freight train starts from rest and travels with a 
constant acceleration of 0.5 ft/s”. After a time f’ it maintains a 
constant speed so that when ¢ = 160s it has traveled 2000 ft. 
Determine the time t’ and draw the v-t graph for the motion. 


Total Distance Traveled: The distance for part one of the motion can be related to 
time t = ¢’ by applying Eq. 12-5 with sy = 0 and vp = 0. 


4 osynee ag 
( 2 


5s) =0+0+ 5 O5sye'y = 0.25(t') 


The velocity at time ¢ can be obtained by applying Eq. 12-4 with vp = 0. 


(+) v= vu) + at = 0+ 0.5t = 0.5t (1 


The time for the second stage of motion is t7 = 160 — ¢’ and the train is traveling at 
a constant velocity of v = 0.5t’ (Eq. [1]). Thus, the distance for this part of motion is 


(+) 5) = vty = 0.5t'(160 — t') = 80f' — 0.5(t'?? 
If the total distance traveled is sto, = 2000, then 
Stot = 81 + Sp 
2000 = 0.25(t")? + 80f’ — 0.5(t’) 
0.25(t’)? — 80t’ + 2000 = 0 
Choose a root that is less than 160 s, then 


t' = 27.348 = 27.38 Ans. 


v —t Graph: The equation for the velocity is given by Eq. [1]. When t = t’ = 27.34s, 
v = 0.5(27.34) = 13.7 ft/s. 


91962_01_s12-p0001-0176 6/8/09 8:08 AM Page 31 fb 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


012-45. If the position of a particle is defined by 
s = [2 sin (7/5)t + 4] m, where tf is in seconds, construct 
the s—t, v—t, and a—t graphs for0 = t = 10s. 
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12-46. A train starts from station A and for the first 
kilometer, it travels with a uniform acceleration. Then, for 
the next two kilometers, it travels with a uniform speed. 
Finally, the train decelerates uniformly for another 
kilometer before coming to rest at station B. If the time for 
the whole journey is six minutes, draw the v-t graph and 
determine the maximum speed of the train. 


For stage (1) motion, 

(4) vy = Vo + (a)it 
Vmax = 0 + (4-)1 t 
Vinax = (eit 

(+) V7 = vo? + 2(a-)(81 — 59) 
Vmax’ = 0 + 2(a,),(1000 — 0) 


Vina 2 
(4,)1 a 2000 


Eliminating (a,), from Eqs. (1) and (2), we have 


2000 
= (3) 
Vmax 
For stage (2) motion, the train travels with the constant velocity of vy, for 
t = (t) — t,). Thus, 


1 
(+) = tvitt 5 (ane 


1000 + 2000 = 1000 + Vmax (to — t)) +0 


For stage (3) motion, the train travels for t = 360 — ft. Thus, 
(+) V3 = V2 + (4,)s3¢ 

0 = Vinay ~ (a.)3(360 ~ t2) 

Vmax = (4¢)3(360 — tp) 
(+) v3 = v7 + 2(a,)3(83 — 82) 


0 = Vinax? + 2[—(a.)3|(4000 — 3000) 


Vina @ 
(4,)3 =, 2000 


Eliminating (a,)3 from Eqs. (5) and (6) yields 


2000 
360 — to _ 
Vmax 
Solving Eqs. (3), (4), and (7), we have 
t = 120s ty = 240s 


Vmax = 16.7 m/s 


Based on the above results the v—t graph is shown in Fig. a. 
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12-47. The particle travels along a straight line with the 
velocity described by the graph. Construct the a—s graph. 


a—s Graph: For 0 = s < 3m, 


(4) a=v2= Qs + 4)(2) = (4s + 8) m/s 


Ats = O0mand3m, 


a.m = 4(0) + 8 = 8 m/s? 


a|s5-3m = 4(3) + 8 = 20 m/s” 


For 3m < s = 6m, 


+ 7)(1) = (s + 7) m/s? 


Ats =3mand6m, 


a\5—3 m as "l = 10 m/s* 


a\,-6m = 6 + 7 = 13 m/s” 


The a—s graph is shown in Fig. a. 
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*12-48. The a-s graph for a jeep traveling along a straight 
road is given for the first 300 m of its motion. Construct the 
v-s graph. Ats = 0,v = 0. 


a—s Graph: The function of acceleration a in terms of s for the interval 
Om =s < 200mis 


a-0 2-0 
s-0 200-0 


For the interval 200 m < s = 300m, [0.023125 7200 


a-2 | OH 2 - | ; 
s—200 300-200 ° (—0.02s + 6) m/s 


a = (0.01s) m/s? 


v—s Graph: The function of velocity v in terms of s can be obtained by applying 
vdv = ads. For the interval0m = s < 200m, 


vdv = ds 


[ va = [ooisas 
0 0 


v = (0.15) m/s 
Ats = 200m, v = 0.100(200) = 20.0 m/s 


For the interval 200 m < s = 300m, 


vdv = ads 


i vdv = | (—0.02s + 6)ds 
20.0m/s 200m 


v = (V—0.02s? + 12s — 1200) m/s 


Ats = 300m, — v = V—0,02(3002) + 12(300) — 1200 = 24.5 m/s 
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012-49. A particle travels along a curve defined by the 
equation s = (t° — 3¢? + 2t) m. where ¢ is in seconds. Draw 
the s—t, v—t, and a—t graphs for the particle for 


= 0at0 = 3 —- 6r+2 
t = 1.577s,andt = 0.4226 s, 


Slr=1577 = —0.386 m 


S|-=0.4226 = 0.385 m 


S(m) 


5-t-3t'+2t 


12-50. A truck is traveling along the straight line with a 
velocity described by the graph. Construct the a—s graph 
for 0 < s < 1500 ft. v (ft/s) 


v = 0.6 53/4 


a—s Graph: For 0 = s < 625 ft, 15 F 


($) a= v@ = (0.65%4)|3 65-4] = (0.2751°)tt/9 


At s = 625ft, 
a\-625 = 0.27( 625") = 6.758t/s” 


For 625 ft < s < 1500ft, 


(+) a =v = 75(0) = 0 


The a—s graph is shown in Fig. a. 
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12-51. A car starts from rest and travels along a straight 
road with a velocity described by the graph. Determine the 
total distance traveled until the car stops. Construct the s-t 
and a-t graphs. 


s—t Graph: For the time interval 0 = t < 30s, the initial condition is s = 0 when 
t=0Os. 


(4) ds = vdt 


5") se-bt*445t-O15 


When t = 30s, 
30° 
s= 2 = 450m 

For the time interval 30s < t S 90s, the initial condition is s = 450m when 
t = 30s. 

( 4) ds = vdt 

S t 

i: ds = (—0.5t + 45)dt 

4 30s 


50m 


s= (-fe + 45t — 675) m 


When t = 90s, 


ol 
t=90s 4 


s| (907) + 45(90) — 675 = 1350 m 


The s —¢ graph shown is in Fig. a. 


a—t Graph: For the time interval 0 < t < 30s, 


_ dv 


Oe ae 


= “ = 1m/s’ 


For the time interval 30s < t S 90s, 


_dv_d ’ _ 3 
age ai 0.5t + 45) 0.5 m/s 


The a—t graph is shown in Fig. b. 


Note: Since the change in position of the car is equal to the area under the v—t 
graph, the total distance traveled by the car is 


As = i vat 


= + 90)30) 


Sl,-50s a 


Alm = 1350s 
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*12-52. A car travels up a hill with the speed shown. 
Determine the total distance the car travels until it stops 
(t = 60s). Plot the a—t graph. 


Distance traveled is area under v— tf graph. 


s = (10)(30) + 5 (10)(30) = 450m 


012-53. The snowmobile moves along a straight course 
according to the v-t graph. Construct the s—t and a-t graphs 
for the same 50-s time interval. When t = 0,5 = 0. 


12 
s—t Graph: The position function in terms of time ¢ can be obtained by applying 


12 2 
“For time intervalOs = ¢t < 30s,v = 30° = 5! m/s. 


ds = vat 


Att = 30s, 


Ss t 
i ds = i 12dt 
180m 30s 


s = (12t — 180)m 


Att = 50s, s = 12(50) — 180 = 420m 


a—t Graph: The acceleration function in terms of time ¢ can be obtained by applying 
dv 2 


a= =o For time interval 0s st < 30s and 30s<ts 50s, a 


d 
= 0.4 m/s’ and a = a = 0, respectively. 
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12-54. A motorcyclist at A is traveling at 60 ft/s when he (V)1 = 60 ft/s (Um)2 = 85 ft/s 
wishes to pass the truck T which is traveling at a constant 
speed of 60 ft/s. To do so the motorcyclist accelerates at 
6 ft/s? until reaching a maximum speed of 85 ft/s. If he then 
maintains this speed, determine the time needed for him to 
reach a point located 100 ft in front of the truck. Draw the 
v—t and s—t graphs for the motorcycle during this time. 


/ 


Motorcycle: Smn=302.08ft Sm 


Time to reach 85 ft/s, J} $$$ $$ motorbike 


Vo + at [4 5 -302-08 
=42-92ft 
oo ce ian 


4.167 s 
va + 2a. (s — 50) 
Distance traveled, 
(85)° = (60)? + 2(6)(s,, — 0) 
Sm = 302.08 ft 


Int = 4.167 s, truck travels 


8, = 60(4.167) = 250 ft 


Further distance for motorcycle to travel: 40 250 + 100 — 302.08 
= 142.92 ft 


Motorcycle: 
<= 


(s + 142.92) 


s=0-+ 600’ 


Thus t’ = 5.717s 


t = 4.167 + 5.717 = 9.88 s 


Total distance motorcycle travels 


Sp = 302.08 + 85(5.717) = 788 ft 
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12-55. An airplane traveling at 70 m/s lands on a straight 
runway and has a deceleration described by the graph. 
Determine the time ¢’ and the distance traveled for it to 
reach a speed of 5 m/s. Construct the v-t and s—t graphs for 
this time interval,O Sf St’. 


v —t Graph: For the time interval 0 = ¢ < Ss, the initial condition is v 
when t = Os. 


(+) dv = adt 


v t 
| dv = ‘ —10dt 
70 m/s 0 


v = (-10t + 70) m/s 


When t = 5s, 
Vi-=55 = —10(5) + 70 = 20 m/s 


For the time interval 5s < ¢ < t’, the initial condition is v = 20 m/s whent = 5s. 


(+) dv = adt 


v t 
| dv = i —4dt 
20 m/s 5s 


v = (—4t + 40) m/s 


When v = 5m/s, 
5 = —4t' + 40 t' = 8.758 


Also, the change in velocity is equal to the area under the a—t graph. Thus, 


Av = [eat 


5 — 70 = —[5(10) + 4(¢’ — 5)] 


t' = 8.75s' 


The v-t graph is shown in Fig. a. 


V (mls) 


S=-27? as 
5=-5t%4 704 t*+4ot t/s 


Y2-4tt40 
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12-57. Continued 


s—t Graph: For the time interval 0 = t < 5s, the initial condition is s = 0 when 
t=0Os. 


(+) ds = vdt 


S t 
fo = fw + 70)dt 
0 0 


s = (—5t? + 70r)m 


Whent = 5s, 


|, = —5(5?) + 70(5) = 225 m 


For the time interval 5 < ¢ St’ = 8.75s the initial condition is s = 225m when 
t=5s. 


(+) ds = vdt 


s t 
i ds = fo + 40)dt 
225m 5 


s = (—2s? + 40¢ + 75)m 
When t = t' = 8.75s, 


s|, 954 = ~2(8.757) + 40(8.75) + 75 = 271.875 m = 272m Ans. 


Also, the change in position is equal to the area under the v-t graph. Referring to 
Fig. a, we have 


As = joa 


0= > (70 + 20)(5) 4 5 (20 + 5)(3.75) = 271.875m = 272m _— Ans. 


ieee s 


The s—t graph is shown in Fig. b. 
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*12-56. The position of a cyclist traveling along a straight 
road is described by the graph. Construct the v-t and a-t 
graphs. 


; 0.625 2 + 27.5t — 162.5 


v — t Graph: For the time interval 0 = ¢ < 10s, 


(4) ve “ = £ (0.050) = (0.151?) m/s 


When t = Os and 10s, 


v|_9 = 0.15(07) = 0 y| 


07 = 0.15(10*) = 15 m/s 


t=10s 


For the time interval 10s < t S 20s, 


(4) as “( 0.6257 + 27.5t — 162.5) = (-1.25r + 27.5) m/s 


When t = 10s and 20s, 


vj-10s = —1.25(10) + 27.5 = 15 m/s 


v|.-205 = —1.25(20) + 27.5 = 2.5 m/s 
The v-t graph is shown in Fig. a. 


a—t Graph: For the time interval 0 = ¢ < 10s, 


(4) a= “ = < (0.15?) = (0.31) m/s? 


When t = Os and 10s, 


4|,_9. = 0.3(0) = 0 4) 19, = 0-3(10) = 3 m/s? 


For the time interval 10s < t S 20s, 


dv d 
= = t S)= : 2 
(+) 7 qe Co b25t + 27.5) = -1.25 m/s 


the a-t graph is shown in Fig. b. 


v (m/s) 
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012-57. The dragster starts from rest and travels along a 
straight track with an acceleration-deceleration described 
by the graph. Construct the v—s graph for 0 = s = s’, and 
determine the distance s’ traveled before the dragster again 
comes to rest. 


v —s Graph: For 0 = s < 200 m, the initial condition is v = Oats = 0. 


(+) vdv = ads 


[ow = [vo + 5)ds 
0 0 


2 Vv Ss 


a = (0.053? + 5s) 
0 0 


2 (Vo.is? + 10s) ae 


Ats = 200m, 


v|s=200m = V0.1(2002) + 10(200) = 77-46 m/s = 77.5 m/s 
For 200 m < s S s’, the initial condition is v = 77.46 m/s at s = 200 m. 


(+) vdv = ads 


| vdv = i —15ds 
77.46 m/s 200 m 


v 
vy 


® 


s 
= 155] 
77.46 m/s 


v = (V-30s + 12000) m/s 
When v = 0, 


0 = V—30s’ + 12000 


200 m 


The v-s graph is shown in Fig. a. 


V=A 5S HOS 


V= [-308 +/2000 


sq™m) 
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12-58. A sports car travels along a straight road with an a(ft/s?) 
acceleration-deceleration described by the graph. If the car 
starts from rest, determine the distance s’ the car travels 
until it stops. Construct the v—s graph forO = s=s’. 


vy —s Graph: For 0 = s < 1000 ft, the initial condition is v = Oats = 0. 


(+) vdv = ads 


[w- [om 
0 0 
2 


v 
2 


v= (V'12s"”) ft/s 


When s = 1000 ft, 


6s 


v = V/12(1000)"/? = 109.54 ft/s = 110 ft/s 


For 1000 ft < s = 5s’, the initial condition is v = 109.54 ft/s at s = 1000 ft. 
( 4) vdv = ads 


Vv S 
| vdv = | —4ds 
109.54 ft/s 1000 ft 


v 
v Ss 


2 = —4S\sc00 tt 
109.54 ft/s 


v = (20000 — 8s) ft/s 
When v = 0, 


0 = V 20000 — 8s’ s’ = 2500 ft 


The v—s graph is shown in Fig. a. 


V= [20000 -85 


S Cft) 
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12-59. A missile starting from rest travels along a straight 
track and for 10 s has an acceleration as shown. Draw the 
v—t graph that describes the motion and find the distance 


traveled in 10s. 


Fort = 5s, 


When t = 5s, 
v = 75 m/s 


For 5 <t< 10s, 


a = 2t + 20 


dv = adt 


t 
= [tra 
5 


20t — 125 


+ 20t — 50 


When t = 10s, 


Distance at t = 5s: 


Distance at tf = 10s: 


10 
J (e+ 200 — so)a 
5 


10 


1 
P+ 1017 sor 
3 5 


s=917m 
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*12-60. A motorcyclist starting from rest travels along a 
straight road and for 10 s has an acceleration as shown. 
Draw the v—t graph that describes the motion and find the 
distance traveled in 10s. 


For0 =t<6 


When t = 6s, v = 12m/s s=18m 


For 6 < ¢t = 10 dv = adt 


v t 
pe [ou 
12 6 


v = 6t — 24 


ds = vat 


Ss t 
fos- [i- 2a 
18 6 


s = 30? — 241 + 54 


When t = 10s, v = 36m/s 


s=114m 
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e12-61. The v—t graph of a car while traveling along a 
road is shown. Draw the s—t and a—t graphs for the motion. 


From the v-t graph at t; = 5s, t) = 20s, and t; = 30s, 


Ay = 50 + 20(20 — 5) = 350m 


1 
Ay + Az = 350 4 5 (30 — 20)(20) = 450m 
The equations defining the portions of the s—t graph are 


S t 
0Osts5s v = 4t; ds = vdt; pase [cae s = 207 
0 0 


Ss t 
= 20; ds = v dt; fo = [2 dt; s = 20t — 50 
50 5 


S t 
20 = t = 30s v = 2(30 — 1); ds = vdt; ds = [200-940 s=-—f + 60r — 450 
350 20 


S= —t*+60t-450 
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12-62. The boat travels in a straight line with the 
acceleration described by the a—s graph. If it starts from rest, 
construct the v—s graph and determine the boat’s maximum 


speed. What distance s’ does it travel before it stops? 
a = —0.02s + 6 


vy —s Graph: For 0 = s < 150 m, the initial condition is v = Oats = 0. 


(+) vdv = ads 


[vw = [ 002 + 6)ds 
0 0 
vy" 


= ( 0.0157 4 6s)|, 
0 


v= (v —0.02s” + 2s) m/s 


0 


The maximum velocity of the boat occurs at s = 150m, where its acceleration 
changes sign. Thus, 


Vinax = V|s=150m = V—0.02(150?) + 12(150) = 36.74 m/s = 36.7 m/s Ans. 


For 150m < 5 < s’, the initial condition is v = 36.74 m/s at s = 150m. 


(+) vdv = ads 


i vdv = | —4ds 
36.74 m/s 150 m 


v S 
—4s 
36.74 m/s 150m 


v = V—8s + 2550 m/s 


“a 
2 


Thus, when v = 0, 
0 = V-8s' + 2550 s’ = 318.7m = 319m 


The v-s graph is shown in Fig. a. 
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12-63. The rocket has an acceleration described by the 
graph. If it starts from rest, construct the v—t and s—t 
graphs for the motion for the time intervalO =1 = 14s. 


v — t Graph: For the time interval 0 = ¢ < 9s, the initial condition is v = Oats = 0. 


(+f) dv = adt 


Vv t 
7? dv = F 6t!/2at 
0 0 


v= (41°7)m/s 


When t = 9s, 
V9, = 4(997) = 108 m/s 


The initial condition is v = 108 m/s att = 9s. 


(+f) dv = adt v (mls) 


i : dv = | (4t — 18)dt V=2t~18t 108 
1 9 


08 m/s s 


v = (2/7 — 18¢ + 108) m/s 


When t = 14s, 


vinta = 2(14) — 18(14) + 108 = 248 m/s 
The v-t graph is shown in Fig. a. 


s—t Graph: For the time interval 0 = ¢ < 9s, the initial condition is s = 0 when 
t=0. 


(+1) ds = vdt 


When t = 9s, 


sos = = (997) = 388.8 m 


For the time interval 9s < ft S 14s, the initial condition is s = 388.8m when 
t= 9s. 


(+f) ds = vdt 


t 
[ee — 181 + 108)dt 
9 


Ss 


Or + 108¢ 3402) m 


When t = 14s, 


sh-t4s = = (14°) 9(147) + 108(14) — 340.2 = 1237m 


The s—t graph is shown in Fig. b. 
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*12-64. The jet bike is moving along a straight road 
with the speed described by the v—s graph. Construct the 
a—s graph. 


a — s Graph: For 0 = s < 225m, 


(+) a= ve = (5s19)($5-1") = 12.5 m/s” 


For 225m < s = 525m, 


(+) a= ve = (—0.2s + 120)(—0.2) = (0.045 


At s = 225 mand 525 m, 
\5=225 m = 0.04(225) — 24 = -15 m/s? 
Q\,—595m = 0.04(525) — 24 = —3 m/s? 


The a—s graph is shown in Fig. a. 
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012-65. The acceleration of the speed boat starting from a(ft/s2) 
rest is described by the graph. Construct the v—s graph. 


pv —s Graph: For 0 = s < 200 ft, the initial condition is v = Oats = 0. 


(+) vdv = ads 


[vw = [ oss + 2)ds 
0 0 


v i 2 Ss 
Z| = 0.028 + 2s), 


0 


v = V0.04s* + 4s ft/s 


At s = 200 ft, 


V|s=200 ft = V0.04(200) + 4(200) = 48.99 ft/s = 49.0 ft/s 


For 200 ft < s =< 500 ft, the initial condition is v = 48.99 ft/s at s = 200 ft. 
( as ) vdv = ads 


u vdv = i 10ds 
48.99 ft/s 200 ft 


v 
Ss 


2 
> = 108} 500 
48.99 ft/s 


v = V20s — 1600 ft/s 


At s = 500 ft, 


V\5=s00ft = WV 20(500) — 1600 = 91.65 ft/s = 91.7 ft/s 
The v-s graph is shown in Fig. a. ny) i ft 
5) 
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12-66. The boat travels along a straight line with the 
speed described by the graph. Construct the s—f and a—s 
graphs. Also, determine the time required for the boat to 
travel a distance s = 400 mif s = 0 when ¢ = 0. 


s—t Graph: For 0 = s < 100m, the initial condition is s = 0 whent = Os. 


=: s/s 
(+) dt = ; 


t Ss 
d 
fam fos 
0 0 25/2 
t= sl? 


s= (??) m 


When s = 100m, 
100 = 77 t= 10s 
For 100 < s = 400 m, the initial condition is s = 100 m whent = 10s. 
d. 
(4) a-€ 
v 
t RY 
d. 
Ree Mee 
10s 100 m 9.28 


S 
t—10= Sing 


When s = 400 m, 
400 = 13.53e!/> 
t = 16.93s = 16.9s 


The s-t graph is shown in Fig. a. 
a—s Graph: For 0m = s < 100m, 
— y@ _ (nap2\f 1) — 2 
ae oe (2s”)\(s /2) = 2m/s 


For 100m < s = 400m, 


d 
a= ve = (0.2s)(0.2) = 0.04s 


When s = 100 m and 400 m, 
4\,=100 m = 0.04(100) = 4 m/s” 
a|,=400m = 0.04(400) = 16 m/s” 


The a-s graph is shown in Fig. b. 
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12-67. The s-t graph for a train has been determined 
experimentally. From the data, construct the v—t and a-t 
graphs for the motion. 


s = 241 — 360~ 


s= 04°. 


d 
v—t Graph: The velocity in terms of time ¢ can be obtained by applying v = ae 
For time interval 0s S t S 30s, 


When t = 30s, v = 0.8(30) = 24.0 m/s 


For time interval 30s < t S$ 40s, 


ds 
= — = 240 
ae m/s 


d 
a—t Graph: The acceleration in terms of time ¢ can be obtained by applying a = oe 


dt 
d 
For time interval 0s = t < 30s and 30s<t=40s, a= a = 0.800 m/s” and 


U B 
a 0, respectively. 
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*12-68. The airplane lands at 250 ft/s on a straight a(ft/s2) 
runway and has a deceleration described by the graph. 
Determine the distance s’ traveled before its speed is 
decreased to 25 ft/s. Draw the s—t graph. 


v —s Graph: For 0 = s < 1750 ft, the initial condition is v = 250 ft/s at s = Os. 
( - ) vdv = ads 


| vdv = [ -150 
250 ft/s 0 


ye 


— = -15s5|. 
2 250 ft/s , 


v = (V62 500 — 30s) ft/s 


At s = 1750 ft, 


v|.=17501 = 62500 — 30(1750) = 100 ft/s 


For 1750 ft < s < s’, the initial condition is v = 100 ft/s at s = 1750 ft. 


(+) vdv = ads 


i vdv = i —7.5ds 
100 ft/s 1750 ft 


2 Vv 
- = (-7.5s)| 
100 ft/s 


v = V36 250 — 15s 


When v = 25 ft/s 
25 = V 36250 — 15s 


s’ = 2375 ft 


Ss 
1750 ft 


The v—s graph is shown in Fig. a. 


V =f 62500 -205 


V=)36250 -/95 


SCF 
1790 2375 


(4) 
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012-69. The airplane travels along a straight runway with 
an acceleration described by the graph. If it starts from rest 
and requires a velocity of 90 m/s to take off, determine the 
minimum length of runway required and the time ¢’ for take 
off. Construct the v—t and s—t graphs. 


v—t graph: For the time interval 0 = t < 10s, the initial condition is v = 0 when 
t=0Os. 


(+) dv = adt 


Vv t 
| dv = / 0.8tdt 
0 0 


v= (0.47) m/s 


When t = 10s, 
v = 0.4(107) = 40 m/s 


For the time interval 10s < ¢ S ?’, the initial condition is v = 40 m/s whent = 10s. 


(+) dv = adt 


v t 
i dv = i 8dt 
40 m/s 10s 


Vv t 
Vso m/s — 81,5 s 


v = (8t — 40) m/s 
Thus, when v = 90 m/s, 


90 = 8t' — 40 t' = 1625s 


Also, the change in velocity is equal to the area under the a—t graph. Thus, 


Av = i adt 


90 -0= 5 (8)(10) + 8(t' — 10) 


t' = 1625s 


The v-t graph is shown in Fig. a. 


vim/s) 
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s—t Graph: For the time interval 0 = t < 10s, the initial condition is s = 0 when 
t=Os. 


When t = 10s, 


s|,-10. = 0-1333(10°) = 133.33m 


For the time interval 10s < ¢ S t’ = 16.25, the initial condition is s = 133.33m 
when t = 10s. 


(+) ds = vdt 


S t 
iy ds = (8t — 40)dt 
133.33 m 10s 


is 
Ss 


$1133.33 m (477 = 40r) 
10s 
s = (4° — 40¢ + 133.33)m 
When t = t' = 16.258 
5|,-16255 = 4(16.25)? — 40(16.25) + 133.33 = 539.58 m = 540m Ans. 


The s-t graph is shown in Fig. b. 
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12-70. The a-t graph of the bullet train is shown. If the 
train starts from rest, determine the elapsed time ¢’ before it 
again comes to rest. What is the total distance traveled 
during this time interval? Construct the v-t and s—t graphs. 


v —t Graph: For the time interval 0 = t < 30s, the initial condition is v = 0 when 
t=0Os. 


34 


v (0.0577) m/s 


When t = 30s, 
v|en30s = 0.05(30?) = 45 m/s 


For the time interval 30s < t < 2’, the initial condition is v = 45 m/s at t = 30s. 


(+) dv = adt 


v t 
| dv = i ( 
45 m/s 30s 


v= me We ee, 
30 


Thus, when v = 0, 


1 
05-1? St = 
30 


Choosing the root t’ > 75s, 
t’ = 133.09s = 133s 


Also, the change in velocity is equal to the area under the a—t graph. Thus, 


Av= pea 


1 1 1 
0 = 5 (3)(75) 4 | ( at 


1 
0 =—-—t? + 5t’ — 75 
30 
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This equation is the same as the one obtained previously. 

q Pp y. vim /s ) ’ 
ae =-35 t4stjJe 
The slope of the v-¢ graph is zero when t = 75 s, which is the instant a = roa 0. Thus, 


i 
Wen Sa (75°) + 5(75) — 75 = 112.5 m/s 


The v-t graph is shown in Fig. a. 


s—t Graph: Using the result of v, the equation of the s—t graph can be obtained by 
integrating the kinematic equation ds = vdt. For the time interval 0 = t < 30s, the 
initial condition s = 0 at t = 0s will be used as the integration limit. Thus, 


(+) ds = vdt 


Ss t 
‘| ds = ip 0.052 dt 
0 0 


When t = 30s, 
‘ase a (30°) = 450 m 


For the time interval 30s < t S$ t’ = 133.095, the initial condition is s = 450m 
when t = 30s. 


(+) ds = vdt 


S t 
; ds i + 5t 75) 
450 m 30s 


75st 4 750) m 


When t = 75s and?’ = 133.09s, 


| 1 
S|t=75 s 90 


5 
(75°) + 5 (75°) — 75(75) + 750 = 4500 m 
ee = so (133.099) + > (133.09°) — 75(133.09) + 750 = 8857m Ans. 


The s-t graph is shown in Fig. b. 
SC ren) 
VCore) 


MAS: : 


4s 
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12-71. The position of a particle is r = {(3¢° — 20i 

(4t'? + t)j + (Bt? — 2)k}m, where ¢ is in seconds. 
Determine the magnitude of the particle’s velocity and 
acceleration when t = 2 s. 


Velocity: 


_d 
dt at 


v= 


(30 2) = (9 2)i — (2071? + 1)j + (60x | m/s 
When t = 2s, 


eo [a2 = 2} _ [2(2-"") + ii + sc m/s 
= [34i — 2.414j + 12k] m/s 


Thus, the magnitude of the particle’s velocity is 


v= Vv,2 + vy? + v,2 = V3" + (-2.414) + 12? = 36.1 m/s 


Acceleration: 


(9 2)i — (2-1? + 1)j + (ox | m/s = | (184i + 1795 


a = [18(2)i + 2-97] + 6k] m/s? = [361 + 0.3536] + 6k] m/s” 


Thus, the magnitude of the particle’s acceleration is 


a= Va,? + ay + a,? = V36" + 0.3536" + 6 = 36.5 m/s? 


*12-72. The velocity of a particle is v = {3i + (6 — 2t)j} m/s, 
where f¢ is in seconds. If r = 0 whent = 0, determine the 
displacement of the particle during the time interval 
t=1stot=3-s. 


Position: The position r of the particle can be determined by integrating the 
kinematic equation dr = vdt using the initial condition r = 0 at tf = 0 as the 
integration limit. Thus, 


dr = vdt 


[a = [i + (6 — 28)j|de 


r= sii + (6t — °)i] 
When t = 1s and3s, 

riers = 3(Di+ [6(1) — 17]j = Bi 
= 3(3)i + [6(3) — 3°]j = [9 


pc 


Thus, the displacement of the particle is 


Ar a rt -3. as Tits 


= (91 + 9j) — (3i + 5j) 


= [61 + 4j] m 
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012-73. A particle travels along the parabolic path 
y = bx’. If its component of velocity along the y axis is 
vy = ct”, determine the x and y components of the particle’s 
acceleration. Here b and c are constants. 


Velocity: 


Thus, the x component of the particle’s velocity can be determined by taking the 
time derivative of x. 


; d C4 3 /¢ 
- 2 | 1/2 
ane | ZV 3b 


Acceleration: 


re ee 3 fap a Sn OE 1 
dt \ 2\ 3b 4V 3b 4NV 3b \/t 
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12-74. The velocity of a particle is given by 
v = {167i + 40°] + (S¢ + 2)k} m/s, where fis in seconds. If 
the particle is at the origin when ¢ = 0, determine the 
magnitude of the particle’s acceleration when t = 2s. Also, 
what is the x, y, z coordinate position of the particle at this 
instant? 


Acceleration: The acceleration expressed in Cartesian vector form can be obtained 
by applying Eq. 12-9. 
dv 53 


i= {32ti + 120?j + 5k} m/s” 


When t = 2s,a = 32(2)i 4 12(27)j + 5k = {641 + 48] + 5k} m/s’. The magnitude 
of the acceleration is 


a= Vai t+ a + a = V64 + 48? + 5? = 80.2 m/s” Ans. 


Position: The position expressed in Cartesian vector form can be obtained by 
applying Eq. 12-7. 


dr = vat 


r t 
i dr = ‘| (16r°i + 42° + (St + 2)k) dt 
0 0 


rit Ay 2 20] m 


When t = 2s, 


a 2 (2)i + (24) 4 $2) 202) | = {42.71 + 16.0j + 14.0k} m. 


Thus, the coordinate of the particle is 


(42.7, 16.0, 14.0) m 


91962_01_s12-p0001-0176 6/8/09 8:24 AM Page 61 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


12-75. A _ particle travels along the circular path 
x? + y? = r*.If the y component of the particle’s velocity is 
vy = 2r cos 2t, determine the x and y components of its 
acceleration at any instant. 


Velocity: 
dy = v, dt 
y t 
fw = [» cos 2tdt 
0 0 
y =rsin2t 


Substituting this result into x? + y? = r’, we obtain 
x? + 9 sin? 2t = r? 


v= P(1 — sin’ 2r) 


= Frcos 2t 


¥2r sin 2t 


Acceleration: 


+¥2r sin 2t) = +4r cos 2t 


: d ; 
a= Va aH er cos 2t) = —4r sin 2t 
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*12-76. The box slides down the slope described by the 
equation y = (0.05x7) m, where x is in meters. If the box has 
x components of velocity and acceleration of v, = -3 m/s 
and a, = —1.5 m/s” at x = 5m, determine the y components 
of the velocity and the acceleration of the box at this instant. 


Velocity: The x and y components of the box’s velocity can be related by taking the 
first time derivative of the path’s equation using the chain rule. 


y = 0.05x? 


y = O0.1xx 


vy = 0.1xv, 
At x = 5m,v, = —3 m/s. Thus, 
vy = 0.1(5)(-3) = -1.5 m/s = 1.5 m/s 1 Ans, 


Acceleration: The x and y components of the box’s acceleration can be obtained by 
taking the second time derivative of the path’s equation using the chain rule. 


¥ = Ofek + xx] = 0.1(%? + xx) 


ay, = 0.1(v,? + xa) 


y 


Atx =5m,v, = —3m/sand a, = —1.5 m/s”. Thus, 


a, = 0.1[(-3)? + 5(-1.5)] = 0.15 m/s? f 
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e12-77. The position of a particle is defined by 
r = {5cos 2ti + 4sin 2tj} m, where tis in seconds and the 
arguments for the sine and cosine are given in radians. 
Determine the magnitudes of the velocity and acceleration 
of the particle when ¢ = 1s. Also, prove that the path of the 
particle is elliptical. 


Velocity: The velocity expressed in Cartesian vector form can be obtained by 
applying Eq. 12-7. 


dr bee ‘ 
v = — = {-10sin 2ti + 8 cos 2rj} m/s 


er rs 


When t = 1s, v = —10sin 2(1)i + 8 cos 2(1)j = {—9.093i — 3.3299} m/s. Thus, the 
magnitude of the velocity is 


v= Vor + v% = V(—9.093)? + (—3.329)? = 9.68 m/s Ans. 


Acceleration: The acceleration expressed in Cartesian vector from can be obtained 
by applying Eq. 12-9. 


_ dv 


Bae {—20 cos 2ti — 16 sin 2rj} m/s? 


a 


When t = 1s,a = —20 cos 2(1)i — 16 sin 2(1)j = {8.3231 — 14.549j} m/s. Thus, the 
magnitude of the acceleration is 


a= Va + a = V8.323" + (14.549)? = 16.8 m/s” Ans. 


Traveling Path: Here, x = 5 cos 2t and y = 4 sin 2t. Then, 


2 

Se = cos* 2t 
2 

. = sin? 2r 


Adding Eqs [1] and [2] yields 


ee yy 
5 + 16 = cos* 2t + sin? 2r 


However, cos* 2t + sin? 2t = 1. Thus, 


(Equation of an Ellipse) (Q.E.D.) 
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12-78. Pegs A and B are restricted to move in the elliptical 
slots due to the motion of the slotted link. If the link moves 
with a constant speed of 10 m/s, determine the magnitude of 
the velocity and acceleration of peg A when x = 1m. 


Velocity: The x and y components of the peg’s velocity can be related by taking the 
first time derivative of the path’s equation. 


vy) 

Pa ie 

oa 3 : 

g 28%) + 2yy =0 


1 
~ xi + 2yy = 0 
laa yy 


1)% 
Os yn 


Here, v, = 10 m/s and x = 1. Substituting these values into Eq. (1), 


(1)(10) ( “Sh, =0 vy = —2.887 m/s = 2.887 m/s | 


2 


Thus, the magnitude of the peg’s velocity is 


v= Vv,2 + vy? = V10? + 2.887 = 10.4 m/s Ans. 


Acceleration: The x and y components of the peg’s acceleration can be related by 
taking the second time derivative of the path’s equation. 


xx) + 2(yy + yy) = 0 


xx) 


xa,) Q) 


3 
Since vy, is constant, a, = 0. When x =1m, y= 37m v, = 10m/s, and 


v, = —2.887 m/s. Substituting these values into Eq. (2), 


1 
5 (10? + 0) 4 al 2.887) 4 
dy = —38.49 m/s? = 38.49 m/s” | 


Thus, the magnitude of the peg’s acceleration is 


a= Va,? + ay? = V0? + (—38.49) = 38.5 m/s” 
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12-79, A particle travels along the path y* = 4x with a 
constant speed of v = 4m/s. Determine the x and y 
components of the particle’s velocity and acceleration when 
the particle is at x = 4m. 


Velocity: The x and y components of the particle’s velocity can be related by taking 
the first time derivative of the path’s equation using the chain rule. 


2yy = 4x 


y 


Vy Vy 


Atx = 4m,y = V4(4) = 4m. Thus Eq. (1) becomes 


Substituting v = 4 m/s and Eq. (2) into Eq. (3), 


1 2 
4= Vx- + (3 v.) 
Vv, = 3.578 m/s = 3.58 m/s 


Substituting the result of v, into Eq. (2), we obtain 


vy = 1.789 m/s = 1.79 m/s Ans, 


Acceleration: The x and y components of the particle’s acceleration can be related 
by taking the second time derivative of the path’s equation using the chain rule. 


(yy + yy) = 4x 
y+ yy = 2x 


Cee + yay = 2a, 
When x = 4m, y = 4m,and v, = 1.789 m/s. Thus Eq. (4) becomes 
1.7897 + 4ay = 2a, 
ay = 0.5a, — 0.8 (5) Fath @y) 


Since the particle travels with a constant speed along the path, its acceleration along 
the tangent of the path is equal to zero. Here, the angle that the tangent makes with the 


d 
horizontal at x = 4 mis 6 = on (2) = tan? (0.5) =.26:57°. 
x 


Thus, from the diagram shown in Fig. a, 
a, cos 26.57° + ay sin 26.57° = 0 (6) 
Solving Eqs. (5) and (6) yields 


a, = 0.32 m/s a, = —0.64 m/s? = 0.64 m/s | 
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*12-80. The van travels over the hill described by 

y = (-1.5(107%) x” + 15) ft. If it has a constant speed of 

75 ft/s, determine the x and y components of the van’s y = (-1.5 (1073) x? + 15) ft 
velocity and acceleration when x = SOft. 


Velocity: The x and y components of the van’s velocity can be related by taking the 
first time derivative of the path’s equation using the chain rule. 


y = —1.5(1073)x? + 15 


y = -3(1073) xx 


vy = —3(1073)xv, 
When x = 50 ft, 
vy = —3(1073)(50)v, = -0.15v, 


y 


The magnitude of the van’s velocity is 


Substituting v = 75 ft/s and Eq. (1) into Eq. (2), 
75 = Vv," + (-0.15v,) 
vy = 74.2 ft/s <— 

Substituting the result of v, into Eq. (1), we obtain 


vy = —0.15(—74.17) = 11.12 ft/s = 11.1 ft/s T Ans. 


Acceleration: The x and y components of the van’s acceleration can be related by 
taking the second time derivative of the path’s equation using the chain rule. 


VATGH|s 
— 


y = —3(1073)(ek + xx) 


ay = ~3(1073)(v,? + xa) 
When x = 50 ft, v, = —74.17 ft/s. Thus, 


a 


- -3(10)| (~74.177 + s0a.| 


a, = —(16.504 + 0.15a,) (3) 


y 


Since the van travels with a constant speed along the path, its acceleration along the tangent 
of the path is equal to zero. Here, the angle that the tangent makes with the horizontal at 


d 
x = 50ftisé = ian( | 


= tan] 3(10-)x = tan7(-0.15) = —8.531°. 


dx } |\x=50 tt x=50 ft 


Thus, from the diagram shown in Fig. a, 
a, cos 8.531° — ay sin 8.531° = (4) 
Solving Eqs. (3) and (4) yields 
—2.42 ft/s = 2.42 ft/s*<— 


—16.1 ft/s = 16.1 ft/s?) 
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012-81. A particle travels along the circular path from A 
to B in 1s. Ifit takes 3 s for it to go from A to C, determine 
its average velocity when it goes from B to C. 


Position: The coordinates for points B and C are [30 sin 45°, 30 — 30 cos 45°] and 
[30 sin 75°, 30 — 30 cos 75°]. Thus, 
rg = (30 sin 45° — 0)i + [(30 — 30 cos 45°) — 30]j 


= {21.21i — 21.21j} m 


tc = (30 sin 75° — 0)i + [(30 — 30 cos 75°) — 30]j 


= {28.981 — 7.765j} m 


Average Velocity: The displacement from point B to C is Argo =Irc — rg 
= (28.981 — 7.765j) — (21.211 — 21.21j) = {7.765i + 13.45j} m. 


Argo 7.7651 + 13.45; 
(Vac)ave a A = 


; ae | = {3.881 + 6.72j} m/s 


12-82. A car travels east 2 km for 5 minutes, then north 
3 km for 8 minutes, and then west 4 km for 10 minutes. 
Determine the total distance traveled and the magnitude 
of displacement of the car. Also, what is the magnitude of 
the average velocity and the average speed? 


Total Distance Traveled and Displacement: The total distance traveled is 


s=2+3+4=9km 


and the magnitude of the displacement is 


Ar = V(2 + 4) + 3? = 6.708km = 6.71 km Ans. 


Average Velocity and Speed: The total time is At = 5 + 8 + 10 = 23 min = 1380s. 
The magnitude of average velocity is 


Ar 6.708( 10°) 
“we Ar 1380 


= 4.86 m/s 


and the average speed is 


(spews = By = “T380. 
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12-83. The roller coaster car travels down the helical path at 
constant speed such that the parametric equations that define 
its position are x = csinkt, y = ccos kt,z = h — bt, where 
c, h, and b are constants. Determine the magnitudes of its 
velocity and acceleration. 


L ~ 


x =csinkt x = ck cos kt x = —ck? sin kt 


y = ccos kt y = —ck sin kt y = —ck* cos kt a 
Ab [> 


z=h- bt z=-b z=0 


v = V(ck cos kt? + (—ck sin kt)? + (—b)? = Ve2k? + B? 


a = V(—ck*sin kt)? + (—ck2cos kt? + 0 = ck? 


*12-84, The path of a particle is defined by y? = 4kx, and 
the component of velocity along the y axis is v, = ct, where 
both k and c are constants. Determine the x and y 
components of acceleration when y = yo. 


y? = 4kx 
2yv, = 4kv, 
2v5 + 2yay = 4ka, 


ay=Cc 


2(ct)? + 2ye = 4ka, 


ay = ee alr ct”) 
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12-85. A particle moves along the curve y = x — (x?/400), 
where x and y are in ft. If the velocity component in the x 
direction is v, = 2 ft/s and remains constant, determine the 
magnitudes of the velocity and acceleration when x = 20 ft. 


2 


Velocity: Taking the first derivative of the path y = x — oe we have 


However, * = v, and y = v,. Thus, Eq. [1] becomes 


x 
Vy = VU, — 200 Uy 
Here, v, = 2 ft/s at x = 20 ft. Then, From Eq. [2] 


20 
vy = 2 — 5 (2) = 1.80 ft/s 


v= Vivi t+ vy = V2? + 1.80? = 2.69 ft/s 


2 


Acceleration: Taking the second derivative of the path y = x — ae we have 


y= ¥ — (i? + x) 


However, ¥ = a, and y = a,. Thus, Eq. [3] becomes 
1 


= ay — — (v2 an xa) 


oy 200 


Since v, = 2 ft/s is constant, hence a, = 0 at x = 20 ft. Then, From Eq. [4] 


if 24 = 2 
yao [2? + 20(0)] = —0.020 ft/s 


a 


a2 = V0? + (—0.020)? = 0.0200 ft/s? 
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12-86. The motorcycle travels with constant speed v9 
along the path that, for a short distance, takes the form of a 
sine curve. Determine the x and y components of its 
velocity at any instant on the curve. 


12-87. The skateboard rider leaves the ramp at A with an 
initial velocity v4 at a 30° angle. If he strikes the ground at 
B, determine v, and the time of flight. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, (v4), = v4 cos 30°, x, = 0 and xg = 5m. Thus, 
(+) Xp =Xa + (Va)xt 
5 = 0+ vycos 30° t 


a (1) 


v4 cos 30° 


y-Motion: Here, (v4), = v4 sin 30°,a, = —g = —9.81 m/s’, and yz = —1 m. Thus, 


2 


(+1) yp =yat (va)yt t 5 at 


1 
-1=0+ vysin30°¢ + 7-9 8De 
4.905¢? — v4 sin30°t -1=0 


Solving Eqs. (1) and (2) yields 


V4 = 6.49 m/s t = 0.890 s 
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*12-88. The pitcher throws the baseball horizontally with 
a speed of 140 ft/s from a height of 5 ft. If the batter is 60 ft 
away, determine the time for the ball to arrive at the batter 
and the height h at which it passes the batter. 


(4) s=w, 60=140 


t = 0.4286 = 0.429 s 


+1 ney ee 
( 2 


1 
boo We, (—32.2)(0.4286)" = 2.04 ft 


¢12-89. The ball is thrown off the top of the building. If it 
strikes the ground at B in 3 s, determine the initial velocity v4 
and the inclination angle 6, at which it was thrown. Also, find 
the magnitude of the ball’s velocity when it strikes the ground. 


Coordinate System: The x—y coordinate system will be set so that its origin coincides 
with point A. 


Steg 
A 
jabs lcelafe Fafalabebslglsli 


x-Motion: Here, (v4), = v4 cos 0,x,4 = 0,and xg = 60 ft, and t = 3s. Thus, 


=Xat (V4)xt 


= 0 + vy cos 6(3) 


v4 cos 6 = 20 (1) 


7 


y-Motion: Here, (v4), = v4 sin @,a, = —g = —32.2 ft/s’, y, = 0,and yp = —75 ft, 
and t = 3s. Thus, 


2 


(+1) ye = Yat (Va)yt 4 sash 


-75 = 0 + vasin 0(3) + 5(-32.2)(3") 

v4 sin @ = 23.3 
Solving Eqs. (1) and (2) yields 

6 = 49.36° = 49.4° v4 = 30.71 ft/s = 30.7 ft/s 
Using the result of 6 and v4, we obtain 
(v4)x = 30.71 cos 49.36° = 20 ft/s (va)y = 30.71 sin 49.36° = 23.3 ft/s 

Thus, 
(+f) (va)y = (va)y + ayt 

(vg)y = 23.3 + (—32.2)(3) = —73.3 ft/s = 73.3 ft/s J 


Thus, the magnitude of the ball’s velocity when it strikes the ground is 


Vp = V20? + 73.37 = 76.0 ft/s 
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12-90. A projectile is fired with a speed of v = 60 m/s at 
an angle of 60°. A second projectile is then fired with the 
same speed 0.5 s later. Determine the angle 0 of the second 
projectile so that the two projectiles collide. At what 
position (x, y) will this happen? 


x-Motion: For the motion of the first projectile, v, = 60 cos 60° = 30 m/s, x9 = 0, 
and t = ft,. Thus, 


= Xo + vyt 


0 + 30t (1) 


For the motion of the second projectile, v, = 60 cos 6, x) = 0, and t = t, — 0.5. 


= Xo fs Vit 
0 + 60 cos 6(t; — 0.5) (2) 


y-Motion: For the motion of the first projectile, v, = 60 sin 60° = 51.96 m/s, yo = 0, 
and ay = —g = —9.81 m/s”. Thus, 


1 
(+f) Y= ot Vyt + zat 
1 
y = 0+ 51.96t, + 76-981? 
y = 51.96t, — 4.905t,2 


For the motion of the second projectile, v, = 60sin@, yo = 
ay = —g = —9.81 m/s”. Thus, 


(+f) y=yotvye+ xa 


ii 
y = 0 + 60sin 0(t, — 0.5) 4 ml 9.81)(t, — 0.5) 


y = (60sin 6)t; — 30 sin 0 — 4.905 t,7 + 4.905t, — 1.22625 
Equating Eqs. (1) and (2), 
30t, = 60 cos A(t, — 0.5) 


cos 8 
ty Se 
2cos@-—1 
Equating Eqs. (3) and (4), 
51.96t, — 4.9051,;7 = (60 sin 6)t, — 30 sin @ — 4.905t,7 + 4.9051, — 1.22625 


(60 sin @ — 47.06)t, = 30 sin @ + 1.22625 


30 sin 6 + 1.22625 
~  60sin 6 — 47.06 
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Equating Eqs. (5) and (6) yields 


cos 8 30 sin 8 + 1.22625 
2cos@—1 60sin@ — 47.06 


49.51 cos 6 — 30 sin @ = 1.22625 
Solving by trial and error, 
0 = 57.57° = 57.6° 
Substituting this result into Eq. (5) (or Eq. (6)), 


: cos 57.57° 
1” 2. cos 57.57° — 1 


= 7.3998 s 


Substituting this result into Eqs. (1) and (3), 


x = 30(7.3998) = 222m 


y = 51.96(7.3998) — 4.905(7.3998?) = 116m 
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12-91. The fireman holds the hose at an angle @ = 30° 
with horizontal, and the water is discharged from the hose 
at A with a speed of v4 = 40ft/s. If the water stream strikes 
the building at B, determine his two possible distances s 
from the building. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, (v4), = 40 cos 30° ft/s = 34.64 ft/s, x, = 0,and xg = s. Thus, 
= X4 + (Va)xt 
0 + 34.64t 


s = 34.64¢ () 


y-Motion: Here, (v4), = 40 sin 30° ft/s = 20 ft/s, a, = —g = —32.2 ft/s’, y, = 0, 
and yg = 8 — 4 = 4 ft. Thus, 


1 
(+1) ya=yat Wadyt + 5a? 


1 
4=0+ 201+ 732.2) 


16.17 — 20+ 4=0 
t = 0.2505 s and 0.9917 s 
Substituting these results into Eq. (1), the two possible distances are 
s = 34.64(0.2505) = 8.68 ft 


34.64(0.9917) = 34.4 ft 


91962_01_s12-p0001-0176 6/8/09 8:30 AM Page 75 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*12-92. Water is discharged from the hose with a speed of 
40 ft/s. Determine the two possible angles 6 the fireman can 
hold the hose so that the water strikes the building at B. 
Take s = 20 ft. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, (v4), = 40 cos 0,x,4 = 0,and xg = 20 ft/s. Thus, 


(+) Xp = X4 t+ (V4)xt 
20 = 0 + 40 cos Ot 
ne 1 
2 cos 0 


() 


y-Motion: Here, (v4), = 40 sin 0, a, = —g = —32.2 ft/s’, y, = 0, and yg = 8 — 4 
= 4 ft. Thus, 


2 


1 
) ayt 
= 


(+1) ya = Yat (Va)yt 4 


4=0+4 40sinor + 5 (32.2) 


16.17 — 40sinér + 4=0 


Substituting Eq. (1) into Eq. (2) yields 


1 \ ; 1 
16.1 — 40 sin 0 + 4 
2 cos 6 2 cos 6 


20 sin 6 cos 6 — 4 cos? 6 = 4.025 
10 sin 6 cos 9 — 2 cos* 6 = 2.0125 
5 sin 20 — (2 cos?@ — 1) — 1 = 2.0125 
5 sin 20 — cos 26 = 3.0125 
Solving by trial and error, 


6 = 23.8° and 77.5° 
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012-93. The pitching machine is adjusted so that the v4 = 30 m/s 


baseball is launched with a speed of v4, = 30m/s. If the ball a 

strikes the ground at B, determine the two possible angles 0 4 + LN 9A 

at which it was launched. 1.2m B 
t 3 


+ 30m | 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, (v4), = 30 cos 04,x,4 = 0 and xg = 30 m. Thus, 
= X4 + (Va)xt 


= 0 + 30cos Oat 


——_ (a) 


cos 0,4 
y-Motion: Here, (v4), = 30 sin 04,4, = —g = —9.81 m/s’, and yz = —1.2 m. Thus, 


2 


(+1) Yep = Yat (Va)yt 4 x ast 


1 
-1.2 =0+ 30sin@4t + 5 (-9.81)7 


4.90517 — 30sin@,t — 1.2 =0 


Substituting Eq. (1) into Eq. (2) yields 


ae 1 
1005 — 30 sin ul —-12=0 
cos 04 cos 6,4 


1.2 cos” 04 + 30sin 6,4 cos 0,4 — 4.905 = 0 


Solving by trial and error, 


04 = 7.19° and 80.5° 
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12-94. It is observed that the time for the ball to strike the 
ground at B is 2.5 s. Determine the speed v, and angle 6, at 
which the ball was thrown. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, (v4), = V4 cos 04,xX4 = 0,xg = 50m,andt = 2.5 s. Thus, 


(+) Xp = xX,q + (Va)xt 
50 = 0 + vy cos 6,(2.5) 


v4 cos 64 = 20 


y-Motion: Here, (Vv4)y = Va sin 64, 
= —9.81 m/s”. Thus, 


2 


1 
(+1) YB- YA t (va) yt t 5 Ay! 
1 5 
1.2 = 0+ vasin 6,4 (2.5) + 5 (-9:81)(2.5 ) 
VA sin 04 = 11.7825 
Solving Eqs. (1) and (2) yields 


64 = 30.5° va = 23.2 m/s 


12-95. If the motorcycle leaves the ramp traveling at 110 ft/s 
110 ft/s, determine the height 4 ramp B must have so that 
the motorcycle lands safely. 


Coordinate System: The x—y coordinate system will be set so that its origin coincides 
with the take off point of the motorcycle at ramp A. 


x-Motion: Here, x, = 0,x, = 350 ft, and (v4), = 110 cos 30° = 95.26 ft/s. Thus, 


(+) Xp =X, + (Va)xt 
350 = 0 + 95.26t 
t = 3.674s 


y-Motion: Here, y, = 0, yg = h — 30, (Va)y = 110 sin 30° = 55 ft/s, and a, = —g 
= —32.2 ft/s”. Thus, using the result of t, we have 


2 


(+f) yp = Yat (va)yt 4 sat 


h — 30 = 0 + 55(3.674) + 5 (-32.2)(3.674") 


h = 14.7 ft 
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*12-96. The baseball player A hits the baseball with 
va = 40 ft/s and 64 = 60°. When the ball is directly above 
of player B he begins to run under it. Determine the 
constant speed vz and the distance d at which B must run in 
order to make the catch at the same elevation at which the 
ball was hit. 


Vertical Motion: The vertical component of initial velocity for the football is 
(vp)y = 40 sin 60° = 34.64 ft/s. The initial and final vertical positions are (so), = 0 
and s, = 0, respectively. 


(41) 8 = (soy # Owdyt + Cady? 


1 
0 = 0+ 34.64¢ 4 na 32.2)t? 


t = 2.152s 


Horizontal Motion: The horizontal component of velocity for the baseball is 
(vp), = 40 cos 60° = 20.0 ft/s. The initial and final horizontal positions are 
(so), = Oand s, = R, respectively. 


(+) Sx = (So)x + (o)zt 
R=0O0+ 20.0(2.152) = 43.03 ft 


The distance for which player B must travel in order to catch the baseball is 


d = R— 15 = 43.03 — 15 = 28.0 ft Ans. 


Player B is required to run at a same speed as the horizontal component of velocity 
of the baseball in order to catch it. 


ug = 40 cos 60° = 20.0 ft/s Ans. 
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012-97. A boy throws a ball at O in the air with a speed vp 
at an angle 9). If he then throws another ball with the same 
speed vp at an angle 0) < 6), determine the time between 
the throws so that the balls collide in mid air at B. 


Vertical Motion: For the first ball, the vertical component of initial velocity is 
(vo) = Uo Sin 6; and the initial and final vertical positions are (sg), = 0 ands, = y, 
respectively. 


(41) sy = (sy # Gy FF (@yP? 


. 1 
y = 0+ vo sin Ot) + 78) [1] 


For the second ball, the vertical component of initial velocity is (vp), = vo sin 62 and 
the initial and final vertical positions are (sp), = 0 and s, = y, respectively. 


(+1) 8 = (80) # Omdyt +5 (ay? 


. 1 
y =0 + vpsin Ot, + 78) [2] 


Horizontal Motion: For the first ball, the horizontal component of initial velocity is 
(vo)x = Up cos 6, and the initial and final horizontal positions are (so), = 0 and 
Sy = xX, respectively. 


(+) sx. > (So) x + (vo)xt 


x = 0+ vg cos 6; ty [3] 


For the second ball, the horizontal component of initial velocity is (vp), = vg Cos 02 
and the initial and final horizontal positions are (so), = 0 and s, = x, respectively. 


(>) Sx = (Sox + (Uo)st 
x=O+ U9 COS 85 to 
Equating Eqs. [3] and [4], we have 


cos 6; 


bh = t 
2 cos #5 | 


Equating Eggs. [1] and [2], we have 
: ; 1 
Ug ty sin 0; — vo ty sin A = 2 ai eae 63) 


Solving Eq. [5] into [6] yields 


2uo cos 6 sin(O,; — 62) 


g(cos” 8) — cos” 6) 


__ 2uq cos 6; sin(6; — 42) 


g(cos” 0, — cos”) 


Thus, the time between the throws is 


2up sin(@; — @2)(cos 62 — cos 41) 


At=t,-t 
aie g(cos” 6, — cos” ;) 


= 2u0 sin (0; _ 62) 
g(cos 02 + cos 01) 
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12-98. The golf ball is hit at A with a speed of 
v4 = 40m/s and directed at an angle of 30° with the 
horizontal as shown. Determine the distance d where the 
ball strikes the slope at B. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


5 
x-Motion: Here, (v4), = 40 cos 30° = 34.64 m/s, x4 = 0, and xg = (=) 
= 0.9806d. Thus, Vor 
(+) Xp =X, + (Va)xt 

0.9806d = 0 + 34.64t 


t = 0.02831d (1) 


1 
y-Motion: Here, (v4), = 40sin 30° = 20m/s, y,=0, yg= a(, | 
: VS +1 


= 0.1961d, and a, = —g = —9.81 m/s’. 


Thus, 


(+1) yp = Yat (va) yt } ae 


1 
0.1961d = 0 + 201 + 7 98De 


4.9051°* — 20t + 0.1961d = 0 

Substituting Eq. (1) into Eq. (2) yields 
4.905(0.02831d)* — 20(0.02831d) + 0.1961d = 0 
3.9303(10°>)d — 0.37002d = 0 
d|3.9303(10~3)d — 0.37002] = 0 

Since d # 0, then 
3.9303(10°*)d = 0.37002 = 0 


d= 941m 
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12-99. If the football is kicked at the 45° angle, determine 
its minimum initial speed v, so that it passes over the goal 
post at C. At what distance s from the goal post will the 
football strike the ground at B? 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: For the motion from A to C,x,4 = 0,and xc = 160 ft, (v4), = v4 cos 45°, 
and t = tyc. Thus, 


(+) Xo = Xa + (Va)st 
160 =O + v4 cos 45° tac 


160 
eee 1 
AC v4 cos 45° @ 


For the motion from A to B, x4 = 0, and xg = 160 + s, (v4), = v4 cos 45°, and 
C= tp. Thus, 


(+) Xp =X + (Va)xt 
160 +s =O+ v4 cos 45° tap 


S = V4 COS 45°(t ap) — 160 (2) 


y-Motion: For the motion from A to C, y, = 0, and yc = 20ft, (v4), = v4 sin 45°, 
and a, = —g = —32.2 ft/s’. Thus, 


2 


1 
(+1) Yo VA t (va) yt t 2 My! 
ie 1 2 
20 = 0 + vy sin 45° tac + 3 (32.2) ac 
16.1t4c* — v4 sin 45° tac + 20 = 0 
For the motion from A to B, y, = yg = 0. Thus, 


2 


(+1) Ye = Ya + (Va)yt 4 5 ast 


1 
0 = 0+ vysin 45°(t4p) + 5 (—32.2)t ap? 
CAB (16.1t 4 eral 47. | sin 45°) =0 
Since tag # 0, then 
16.1typ — VA sin 45° = 


Substituting Eq. (1) into Eq. (3) yields 


160 \’ 160 
16.1) ———X ] — vasin 45° 
v4 cos 45° v4cos 45° 


v4 = 76.73 ft/s = 76.7 ft/s 


Substituting this result into Eq. (4), 
16.1¢4,3 — 76.73 sin 45° = 
tag = 3.370s 


Substituting the result of t4, and v, into Eq. (2), 


s = 76.73 cos 45°(3.370) — 160 
= 22.9 ft 
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*12-100. The velocity of the water jet_discharging from the 
orifice can be obtained from v = V2 gh, where h = 2m is 
the depth of the orifice from the free water surface. Determine 
the time for a particle of water leaving the orifice to reach 
point B and the horizontal distance x where it hits the surface. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. The speed of the water that the jet discharges from A is 


v4 = V2(9.81)(2) = 6.264 m/s 
x-Motion: Here, (v4), = v4 = 6.264 m/s, x, = 0,xg = x, andt = t,. Thus, 
(+) Xp =X, + (Va)xt 


x =0+ 6.264t4 (1) 


y-Motion: Here, (v4), = 0, a, = —g = —9.81 m/s’, y4 = 0m, yg = —1.5m, and 
t = ty. Thus, 


2 


(+f) Ye = Ya + (Va)yt 4 x ast 


1 
15=0+04 rat 9.81)t 47 


t, = 0.553 s 


x = 0 + 6.264(0.553) = 3.46m 


e12-101. A projectile is fired from the platform at B. The 
shooter fires his gun from point A at an angle of 30°. 
Determine the muzzle speed of the bullet if it hits the 
projectile at C. 


Coordinate System: The x—-y coordinate system will be set so that its origin coincides 
with point A. 


x-Motion: Here, x, = 0 and xc = 20 m. Thus, 
(+) Xo = xX, + (Va)xt 

20 = 0 + vy cos 30° t (e)) 
y-Motion: Here, y, = 1.8, (v4), = v4 sin 30°, and a, = —g = —9.81 m/s’. Thus, 


2 


(+f) Yo=yat (Va) yt } = at 


1 
10 = 1.8 + vy sin 30°(¢) + 3 (-9.81)(0" 


_ f{ 20sin 30° 3 
10 — 1.8 (2B lo 4.905(t) 


t = 0.8261 s 


So that 
7 20 
*4 ~ cos 30°(0.8261) 


= 28.0 m/s 
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12-102. A golf ball is struck with a velocity of 80 ft/s as 
shown. Determine the distance d to where it will land. 


Horizontal Motion: The horizontal component of velocity is (vg), = 80 cos 55° 
= 45.89 ft/s. The initial and final horizontal positions are (5s), = 0 ands, = d cos 10°, 
respectively. 


(+) Sx = (So)x + (Vo)xt 
dcos 10° = 0 + 45.89t [1] 


Vertical Motion: The vertical component of initial velocity is (vp), = 80 sin 55° 
= 65.53 ft/s. The initial and final vertical positions are (so), = 0 and s, = d sin 10°, 
respectively. 


(+1) 8 = (80) F Omdyt + 5 (ay? 


1 
dsin 10° = 0 + 65.53¢ 4 Al 32.2)17 


Solving Eqs. [1] and [2] yields 
d = 166 ft 
t = 3.568 s 


12-103. The football is to be kicked over the goalpost, 
which is 15 ft high. If its initial speed is v, = 80 ft/s, 
determine if it makes it over the goalpost, and if so, by how 


much. h va, = 80 ft/s 
if. 


Horizontal Motion: The horizontal component of velocity is (vp), = 80 cos 60° 
= 40.0 ft/s. The initial and final horizontal positions are (sy), = 0 and s, = 25 ft, 
respectively. 


(+) sy = (S0)x en (vo)xt 
25 = 0 + 40.0t 
t = 0.625 s 


Vertical Motion: The vertical component of initial velocity is (vo), = 80 sin 60° 
= 69.28 ft/s. The initial and final vertical positions are (so), = 0 and s, = H, 
respectively. 


(+1) Sy = (So)y + (Vo)yt + 5 (a), r 


1 
H = 0 + 69.28(0.625) + 5 (—32.2)(0.6257) 


HT = 37.01 ft 


Since H > 15 ft, the football is kicked over the goalpost. 


h = H — 15 = 37.01 — 15 = 22.0 ft 
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*12-104. The football is kicked over the goalpost with an 
initial velocity of v4 = 80 ft/s as shown. Determine the a 
4 


point B (x, y) where it strikes the bleachers. 
v4 = 80 ft/s 


15 ft 
Horizontal Motion: The horizontal component of velocity is (vp), = 80 cos 60° \ 60" | 


= 40.0 ft/s. The initial and final horzontal positions are (sg), = 0 ands, = (55 + x), 
respectively. 


(+) Sz = (So)x + (o)zt 
55+ x =0-+ 40.0 [1] 


25 ft 


Vertical Motion: The vertical component of initial velocity is (vo), = 80 sin 60° 
= 69.28 ft/s. The initial and final vertical positions are (so), =0 and 
Sy = y = x tan 45° = x, respectively. 


it 
(+1) Sy = (So)y + (Wo)yt + 5 (ae)y ? 
1 
x = 0 + 69.28 + 2 (—32.2)0? 
Solving Eggs. [1] and [2] yields 
t = 2.969 s 
y=x = 638ft 


°12-105. The boy at A attempts to throw a ball over the 
roof of a barn with an initial speed of v4 = 15 m/s. 
Determine the angle 6, at which the ball must be thrown so 
that it reaches its maximum height at C. Also, find the 
distance d where the boy should stand to make the throw. 


Vertical Motion: The vertical component, of initial and final velocity are 
(vo)y = (15 sin 64) m/s and v, = 0, respectively. The initial vertical position is 
(So) y =I1m. 


(+1) vy = (vp) + act 


0 = 15sin0,4 + (—9.81)t 


(+1) sy = (S0)y (vo)yt t 5 (a)y ig 


1 
8=1+4 15sin@4t + 7 98)e 
Solving Eqs. [1] and [2] yields 
04 = 51.38° = 51.4° 
t= 1.1955 


Horizontal Motion: The horizontal component of velocity is (vp), = v4 cos 64 
= 15 cos 51.38° = 9.363 m/s. The initial and final horizontal positions are (sy), = 0 
and s, = (d + 4) m, respectively. 


(+) Sx = (So)x + (o)zt 
d+4=0 + 9,363(1.195) 


d=718m 
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12-106. The boy at A attempts to throw a ball over the 
roof of a barn such that it is launched at an angle 6, = 40°. 
Determine the minimum speed v, at which he must throw 
the ball so that it reaches its maximum height at C. Also, 
find the distance d where the boy must stand so that he can 
make the throw. 


Vertical Motion: The vertical components of initial and final velocity are 
(vo)y = (v4 sin 40°) m/s and v, = 0, respectively. The initial vertical position is 
(So) y =I1m. 


(+1) Vy = (Uo) + act 


0 = v,sin 40° + (—9.81) t 


1 
(+1) y= (S0)y + (Wo) t +5 ody? 
i. 
8 =1+4+ vysin 40% + 3 (981) i 


Solving Eqs. [1] and [2] yields 
v, = 18.23 m/s = 18.2 m/s 
t= 1.1955 
Horizontal Motion: The horizontal component of velocity is (vp), = v4 cos 64 


= 18.23 cos 40° = 13.97 m/s. The initial and final horizontal positions are (so), = 0 
and s, = (d + 4) m, respectively. 


(+) Se = (So)x + (vo)xt 
d+4=0 + 13.97(1.195) 
d=12.7m 


12-107. The fireman wishes to direct the flow of water 
from his hose to the fire at B. Determine two possible 
angles 9, and 0, at which this can be done. Water flows from 
the hose at v, = 80 ft/s. 


= So + Vot 


0 + (80) cos 6 


1 2 
= So a Vot oF 3 Met 


1 
0 — 80sindr + 5 (—32.2)t? 


. . 0.4375 0.1914 
20 = 80 sin @ t+ 16.1 a 
cos 8 cos’ 6 


20 cos? 6 = 17.5 sin 20 + 3.0816 


Solving, 
6, = 25.0° (below the horizontal) 
0) = 85.2° (above the horizontal) 
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*12-108. Small packages traveling on the conveyor belt 
fall off into a l-m-long loading car. If the conveyor is running 
at a constant speed of vc = 2 m/s, determine the smallest 
and largest distance R at which the end A of the car may be 
placed from the conveyor so that the packages enter the car. 


| 
AcW—"__, B 


ERt-1m — 


Vertical Motion: The vertical component of initial velocity is (v9), = 2 sin 30° 
= 1.00 m/s. The initial and final vertical positions are (so), = 0 and s, = 3m, 
respectively. 


(+1) = (soy + (only + 5 Cady? 


ah 
3 = 0 + 1.00(4) + = (9.81)(07 
() + 5 @8)(") 
Choose the positive root t = 0.6867 s 


Horizontal Motion: The horizontal component of velocity is (vo), = 2 cos 30° 
= 1.732 m/s and the initial horizontal position is (so), = 0. If s, = R, then 


(=) Sy = (So)x + (Vo)xt 
R = 0 + 1.732(0.6867) = 1.19m 
If s, = R+ 1,then 
(= 5, = (So)y + Wo)et 
R+1=0 + 1.732(0.6867) 


R = 0.189 m 
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¢12-109. Determine the horizontal velocity v, of a tennis 
ball at A so that it just clears the net at B. Also, find the 
distance s where the ball strikes the ground. 


Vertical Motion: The vertical component of initial velocity is (vg), = 0. For the ball 
to travel from A to B, the initial and final vertical positions are (so), = 7.5 ft and 
Sy = 3 ft, respectively. 


1 
(+1) 5 = (S0)y + (Uoyt + 5 Gedy r 
1 
3=754+04 3 (32.2) 
t, = 0.5287 s 


For the ball to travel from A to C, the initial and final vertical positions are 
(so)y = 7.5 ft and s, = 0, respectively. 


(+f) Sy = (So)y t (vo)yt t 5 (ae)y a 


1 
O=7540+5 (—32.2)¢3 
ty = 0.6825 s 
Horizontal Motion: The horizontal component of velocity is (vo), = vy. For the ball 


to travel from A to B, the initial and final horizontal positions are (so), = 0 and 
S, = 21 ft, respectively. The time is t = t; = 0.5287s. 


(+) Sx = (So)x + (Vo)xt 
21 = 0 + v4 (0.5287) 
v4 = 39.72 ft/s = 39.7 ft/s Ans, 


For the ball to travel from A to C, the initial and final horizontal positions are 
(so), = Oands, = (21 + s) ft, respectively. The time is tf = tf) = 0.6825 s. 


(+) sy = (So)x + (vo) xt 
21 + s = 0 + 39.72(0.6825) 
s = 6.11 ft 


91962_01_s12-p0001-0176 6/8/09 8:38 AM Page 88 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


12-110. It is observed that the skier leaves the ramp A at an 
angle 04 = 25° with the horizontal. If he strikes the ground 
at B, determine his initial speed v, and the time of flight t,,. 


Ss. 
X 


(4) So vot 
4 
100( $) = V4 COS 25°t aR 
1 2, 
(+1) S eeeg in MP ae that 
3 1 5 
—4 — 100 5 =O+t+ Va SIN 25°t 4B =F 3 (9 8))taB 
Solving, 
v4 = 19.4m/s 
tap = 454s 


12-111. When designing a highway curve it is required 
that cars traveling at a constant speed of 25 m/s must not 
have an acceleration that exceeds 3 m/s’. Determine the 
minimum radius of curvature of the curve. 


Acceleration: Since the car is traveling with a constant speed, its tangential 
component of acceleration is zero, i.e., a, = 0. Thus, 


v 
p 


_ 28 


p 
p = 208m 


3 


*12-112. At a given instant, a car travels along a circular 
curved road with a speed of 20 m/s while decreasing its speed 
at the rate of 3 m/s’. If the magnitude of the car’s acceleration 
is 5 m/s”, determine the radius of curvature of the road. 


Acceleration: Here, the car’s tangential component of acceleration of 
a, = —3 m/s. Thus, 
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°12-113. Determine the maximum constant speed a 
race car can have if the acceleration of the car cannot 
exceed 7.5 m/s” while rounding a track having a radius of 
curvature of 200 m. 


Acceleration: Since the speed of the race car is constant, its tangential component of 
acceleration is zero, i.e., a, = 0. Thus, 


v = 38.7 m/s 


12-114. An automobile is traveling on a_ horizontal 
circular curve having a radius of 800 ft. If the acceleration of 
the automobile is 5 ft/s’, determine the constant speed at 
which the automobile is traveling. 


Acceleration: Since the automobile is traveling at a constant speed, a, = 
2 

Thus, a, = a = 5 ft/s’. Applying Eq. 12-20, a, = ae we have 
p 


v = V pa, = V800(5) = 63.2 ft/s 


12-115. A car travels along a horizontal circular curved 
road that has a radius of 600 m. If the speed is uniformly 
increased at a rate of 2000 km/h’, determine the magnitude 
of the acceleration at the instant the speed of the car is 
60 km/h. 


2000 km\/1000m\/ 1h \* ; 
a; ( = \ae (a) 0.1543 m/s 


60km\/1000m\/ th 
- ( h \(a \(,) terre 


vu -16.677 
=—= = 0.4630 m/s* 
p 600 me 


= Ve + & = V0.1543? + 0.46302 = 0.488 m/s 
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*12-116. The automobile has a speed of 80 ft/s at point A 
and an acceleration a having a magnitude of 10 ft/s”, acting 
in the direction shown. Determine the radius of curvature 
of the path at point A and the tangential component of 
acceleration. 


Acceleration: The tangential acceleration is 


a, = acos 30° = 10 cos 30° = 8.66 ft/s” Ans, 


and the normal acceleration is a, = asin 30° = 10 sin 30° = 5.00 ft/s’. Applying 
2 


Eq. 12-20, a, = ae we have 
p 


2 


80 
= = 1280 ft 
5.00 


e12-117. Starting from rest the motorboat travels around 
the circular path, p = 50m, at a speed v = (0.8t) m/s, 
where f¢ is in seconds. Determine the magnitudes of the 
boat’s velocity and acceleration when it has traveled 20 m. 


Velocity: The time for which the boat to travel 20 m must be determined first. 
ND) 


ds = vat vw 


20m t 
| ds i} 0.8 tdt 
0 0 


t = 7.0718 


The magnitude of the boat’s velocity is 


v = 0.8 (7.071) = 5.657 m/s = 5.66 m/s 


Acceleration: The tangential accelerations is 


a, = v = 0.8 m/s” 
To determine the normal acceleration, apply Eq. 12-20. 


2. 2 
a epee SEG yo ge 
p 50 


Thus, the magnitude of acceleration is 


a= Va + & = V0.8? + 0.6402 = 1.02 m/s? 
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12-118. Starting from rest, the motorboat travels around 
the circular path, p = 50 m, at a speed v = (0.217) m/s, 
where f¢ is in seconds. Determine the magnitudes of the 
boat’s velocity and acceleration at the instant t = 3s. 


Velocity: When t = 3 s, the boat travels at a speed of 

v = 0.2 (3?) = 1.80 m/s Ans. 
Acceleration: The tangential acceleration is a, = v = (0.4t) m/s”. When t = 3s, 

a, = 0.4 (3) = 1.20 m/s? 
To determine the normal acceleration, apply Eq. 12-20. 


2 1.80? 
a, == = 0.0648 m/s? 
p 50 


Thus, the magnitude of acceleration is 


a= Va + a = V1.20? + 0.0648? = 1.20 m/s? 


12-119. A car moves along a circular track of radius 250 ft, 
and its speed for a short period of time 0 = ¢ = 2s is 
v = 3(t + 0’) ft/s, where ¢ is in seconds. Determine the 
magnitude of the car’s acceleration when t = 2s. How far 
has it traveled int = 2s? 


v= 3(t + ?) 


d 
a= 7 = 3+ 6 


When t = 2s, 
a, = 3 + 6(2) = 15 ft/s? 


[3(2 + 27) ' 
peg 


a= V (15)? + (1.296)? = 15.1 ft/s? 


ds = vdt 


2 
Jas = [ 3(t + )dt 
0 
2 


3 
As==f + °| 
2 0 


As 


91962_01_s12-p0001-0176 6/8/09 8:41 AM Page 92 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*12-120. The car travels along the circular path such that 
its speed is increased by a, = (0.5e') m/s”, where ¢ is in 
seconds. Determine the magnitudes of its velocity and 
acceleration after the car has traveled s = 18m starting 
from rest. Neglect the size of the car. 


v t 
| dv = : 0.5e' dt 
0 0 


v = 0.5(e' — 1) 


18 t 
fl ds = as | (e' — 1)dt 
0 0 


18 = 0.5(e' — t — 1) 
Solving, 


3.7064 s 
= 0.5(e3-74 — 1) = 19.85 m/s = 19.9 m/s 
=ve= 0.5e'|,=3.7064s = 20.35 m/s” 


2 19.85? 
atiiaee = 13.14 m/s” 
p 30 


Va + & = 2035 + 13.14 = 24.2 m/s? 


°12-121. The train passes point B with a speed of 20 m/s 
which is decreasing at a, = —0.5 m/s’. Determine the 
magnitude of acceleration of the train at this point. 


x 


y = 200 @1000 


Radius of Curvature: 


y= 200¢1000 


dy ( 1 ) x x 
= 200 e1000 = ().2e1000 
dx 1000 


d’y 


dx’ 


= 02( : ) ei = 0.2(10°3) eT000" 
1000 


3/2 


x 2 

ae 1+ (02 ca 
x 

= = 3808.96 m 

oan 


x=400m 


Acceleration: 
a, =v = —0.5 m/s” 
v 207 


an = 


= _ 2 
3808.96 0.1050 m/s 


The magnitude of the train’s acceleration at B is 


a= Va; + a, = V(-0.5)? + 0.1050? = 0.511 m/s” 
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12-122. The train passes point A with a speed of 30 m/s 
and begins to decrease its speed at a constant rate of te 
a, = —0.25 m/s’. Determine the magnitude of the y = 200 ¢100 
acceleration of the train when it reaches point B, where 
Sap = 412m. 


Velocity: The speed of the train at B can be determined from 


vg’ = va’ + 2a, (sp - 54) 


vg? = 30° + 2(—0.25)(412 — 0) 
Vp = 26.34 m/s 
Radius of Curvature: 
y = 200en0 
dy 


— = 0.2¢i0 
dx i 


2773/2 


(2)  ) 1+ | 0.2erH 
dx 


ay 


dx 


p= = 3808.96 m 


o2(10")es 


Acceleration: 
a, = v = —0.25 m/s” 


v= 26.34? 
= — = ———_ = ().1822 m/s* 
an "5 3808.96 a 


The magnitude of the train’s acceleration at B is 


a= Vae +@= V(-05) + 0.18222 = 0.309 m/s” 
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12-123. The car passes point A with a speed of 25 m/s 
after which its speed is defined by v = (25 — 0.15s) m/s. 
Determine the magnitude of the car’s acceleration when it 
reaches point B, where s = 51.5 m. 


Velocity: The speed of the car at B is 
vg = [25 — 0.15(51.5) ] = 17.28 m/s 


Radius of Curvature: 


[ ¥ (2)|" i - (-s2(10)x) | 


= 324.58m 


0.15s)(—0.15) = (0.225s — 3.75) m/s? 


When the car is at B (s = 51.5 m) 


a, = [0.225(51.5) — 3.75] = —2.591 m/s? 


Thus, the magnitude of the car’s acceleration at B is 


a= Va t+ a = V(-2.591)? + 0.91942 = 2.75 m/s? 
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*12-124. If the car passes point A with a speed of 20 m/s 
and begins to increase its speed at a constant rate of 
a, = 0.5m/s’, determine the magnitude of the car’s 
acceleration when s = 100 m. 


Velocity: The speed of the car at C is 
vc? = v4? + 2a; (sc — Sa) 
Vc? = 20? + 2(0.5)(100 — 0) 
Vc = 22.361 m/s 


Radius of Curvature: 


1 3. 
16 625 * 


= -3.2(10)x 


—3.2(1073) 


[ + (2) ]" 1 + (-3 2(10°)x) | 
dy 7 


ax 


Acceleration: 


a,=v=05m/s 


vo? - 22.3612 
p 312.5 


= 1.60 m/s” 


ayn = 


The magnitude of the car’s acceleration at C is 


a= Va + a& = V0.5? + 1.60? = 1.68 m/s? 
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e12-125. When the car reaches point A it has a speed of 
25 m/s. If the brakes are applied, its speed is reduced by 
a, = (-} a) m/s’. Determine the magnitude of acceleration 
of the car just before it reaches point C. 


Velocity: Using the initial condition v = 25 m/s att = Os, 


dv = a,dt 


| dv = 
25 m/s 


1 
=(25-= 
Vv ( ras 


7 


Acceleration: When the car reaches C, sc = 200 4 250( = = 330.90 m. Thus, 


1 
330.90 = 25¢ — — 1°? 
- 15 


Solving by trial and error, 
t = 15.9425 
Thus, using Eq. (1). 


1 
Vo = 25 - g (15.942) = 14.391 m/s 


1 
MeEave = (15.9421?) = —0.9982 m/s? 


2 14.391? 


Ee = 
(ane - 559 7 = 0-8284 m/s” 


The magnitude of the car’s acceleration at C is 


a= V(a)c? + (an)c? = VV (0.9982)? + 0.82842 = 1.30 m/s? 
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12-126. When the car reaches point A, it has a speed of 
25 m/s. If the brakes are applied, its speed is reduced by 
a, = (0.001s — 1) m/s’. Determine the magnitude of 
acceleration of the car just before it reaches point C. 


Velocity: Using the initial condition v = 25 m/s att = Os, 


dv = ads 


i vdv = (0.001s — 1)ds 
25 m/s 0 


v = V0.001s? — 2s + 625 


Acceleration: When the car is at point C, sc = 200 +4 250(=) = 330.90 m. Thus, 
the speed of the car at Cis 


ve= 0.001 (330.902) — 2(330.90) + 625 = 8.526 m/s? 


(a,c = % = [0.001(330.90) — 1] = —0.6691 m/s? 
ve* 8.526 


(a,c = 250 0.2908 m/s” 


The magnitude of the car’s acceleration at C is 


a= Vac? + (anc? = V(—0.6691)? + 0.2908? = 0.730 m/s? 


12-127. Determine the magnitude of acceleration of the 
airplane during the turn. It flies along the horizontal 
circular path AB in 40 s, while maintaining a constant speed 
of 300 ft/s. 


Acceleration: From the geometry in Fig. a, 2 + 60° = 180° or ¢ = 60°. Thus, 
6 
77 90° — 60° or 6 = 60° = fad. 


Sag = vt = 300(40) = 12000 ft 


Sap _ 12000 36000 é 
6 a/3 7 
v 3002 


a,= 


"9 36000/m 


p= 


= 7.854 ft/s? 


Since the airplane travels along the circular path with a constant speed, a, = 0. Thus, 
the magnitude of the airplane’s acceleration is 


a= Va? + a,2 = VO + 7.854 = 7.85 ft/s? 
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*12-128. The airplane flies along the horizontal circular path 
AB in 60s. If its speed at point A is 400 ft/s, which decreases at 
a rate of a, = (-0.1#) ft/s”, determine the magnitude of the 
plane’s acceleration when it reaches point B. 


Velocity: Using the initial condition v = 400 ft/s when t = Os, 
dv = a, dt 


Vv t 
y dv = | —0.1tdt 
400 ft/s 0 


v = (400 — 0.0517) ft/s 


Position: Using the initial condition s = 0 when t = Os, 


fas = [ova 

S t 
i ds = : (400 — 0.050) dr 
0 0 


s = (400r — 0.01667¢9) ft 


6 
Acceleration: From the geometry, 2¢ + 60° = 180° or ¢ = 60°. Thus, = 90° — 60° 


or 6 = 60° = aad 


Sap = 400(60) — 0.01667(607) = 20 400 ft 


San _ 20400 _ 61200 ,, 
0 a/3 7 


p 
vp = 400 — 0.05(607) = 220 ft/s 


(«,) _ vp? 2207 
On}B 5 61 200/ 


(a,)p = ¥ = —0.1(60) = —6ft/s 


= 2.485 ft/s? 


The magnitude of the airplane’s acceleration is 


a= Va,2 + a,2 = V(—6) + 2.4852 = 6.49 ft/s? 
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e12-129. When the roller coaster is at B, it has a speed of 
25 m/s, which is increasing at a, = 3 m/s”. Determine the 
magnitude of the acceleration of the roller coaster at this 
instant and the direction angle it makes with the x axis. 


Radius of Curvature: 
_ 14. 
*™ 100 * 
1 
= Se 
50 


dy\? }3/2 2713/2 
i) | [Gory] 
dy 


dx 


x=30m 
Acceleration: 


a, =v = 3m/s* 
2 ph 
25 
a, =-2- = = 7.881 m/s? 
p 79.30 


The magnitude of the roller coaster’s acceleration is 


a= Va, + a,2 = V3 + 7.8812 = 8.43 m/s” Ans. 


d 1 
The angle that the tangent at B makes with the x axis is d = ion 2 = tan] (30) = 30.96°. 
| x=30m 


As shown in Fig. a, a, is always directed towards the center of curvature of the path. Here, 


an _1f 7.881 
a= tan-( 3 ) = tan ( 3 ) = 69.16°. Thus, the angle 6 that the roller coaster’s acceleration makes 
t 


with the x axis is 


6=a— > = 382° 
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12-130. If the roller coaster starts from rest at A and its 
speed increases at a, = (6 — 0.06s) m/s’, determine the 
magnitude of its acceleration when it reaches B where 
Sp = 40m. 


Velocity: Using the initial condition v = 0 at s = 0, 


dv = a, dt 


it: vdv = [6 = 0.06s)ds 
0 0 


ne (Vins = 0.063") fate 


v = V12(40 — 0.06(40]? = 19.60 m/s 
B (40) (40) / 


Radius of Curvature: 


dy\? }3/2 23/2 
re, 
dy 


dx 


x=30m 


Acceleration: 
a; = v = 6 — 0.06(40) = 3.600 m/s” 


aA IO ais is? 
Op. GR) ee 


The magnitude of the roller coaster’s acceleration at B is 


a= Va,2 + a,2 = V3.6002 + 4.8422 = 6.03 m/s 


100 
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12-131. The car is traveling at a constant speed of 30 m/s. 
The driver then applies the brakes at A and thereby reduces 
the car’s speed at the rate of a, = (—0.08v) m/s”, where v is 
in m/s. Determine the acceleration of the car just before it 
reaches point C on the circular curve. It takes 15 s for the 
car to travel from A to C. 


Velocity: Using the initial condition v = 30 m/s whent = Os, 


a 
t v 
d 
ee 
0 30 m/s 0.08v 
30 
t = 125 In— 
v 
v= (300 0% ) m/s 
Position: Using the initial condition s = 0 whent = Os, 


ds = vdt 


Ss t 
[ ds = | 300 0-® at 
0 0 


s = [375(1 — e°%} 1m 
Acceleration: 


Sc = 375(1 — e805) = 262.05 m 


SBc = Sc SBp= 262.05 100 = 162.05 m 
Spc _ 162.05 
0 a/4 
Vo = 30e ~°-805) = 9,036 m/s 


p= = 206.33 m 


( ) vc? 9.0367 
FE a. = 906.35 


(a,)c = ¥ = —0.08(9.036) = —0.7229 m/s? 


= 0.3957 m/s” 


The magnitude of the car’s acceleration at point C is 


a= Vac? + (anc? = V(—0.7229)? + 0.3957? = 0.824 m/s? 


101 


91962_01_s12-p0001-0176 6/8/09 8:48 AM Page 102 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*12-132. The car is traveling at a speed of 30 m/s. The 
driver applies the brakes at A and thereby reduces the 
speed at the rate of a, = (-#) m/s”, where f is in seconds. 
Determine the acceleration of the car just before it reaches 
point C on the circular curve. It takes 15 s for the car to 
travel from A to C. 


Velocity: Using the initial condition v = 30 m/s when t = Os, 


dv = a,dt 


v 
i m/s 


Position: Using the initial condition s = 0 when t = Os, 


ds = vdt 


Ss t 1 
ds = | (20 - aed 
[ 0 16 


= 1; 
5 = (30% a0 )m 


Acceleration: 


1 
Sc = 30(15) — 33 (15°) = 379.6875 m 


Sac = Sc — Sp = 379.6875 — 100 = 279.6875 m 
Spc 279.6875 
0 7/4 
1 


ve = 30 — 7, (157) = 15.9375 m/s 


p= = 356.11 m 


(aJce=b= 5 (13) = —1.875 m/s” 


2 
Came vc’ _ 15.9375* 


es 2 
35611 0.7133 m/s 


The magnitude of the car’s acceleration at point C is 


a= V(a)c2 + (anlc? = V/(-1.875) + 0.7133? = 2.01 m/s? 


102 
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012-133. A particle is traveling along a circular curve 
having a radius of 20 m. If it has an initial speed of 20m/s 
and then begins to decrease its speed at the rate of 
a, = (—0.25s)m/s*, determine the magnitude of the 
acceleration of the particle two seconds later. 


Velocity: Using the initial condition v = 20 m/s at s = 0. 
vdv = ads 


i vdv = i —0.25 sds 
20 m/s 0 
v= ( V’ 400 — 0.258 ) m/s 


Position: Using the initial condition s = 0 whent = Os. 


i i a ds zh ds 
0 0 V400 — 0.255” 0 V1600 — s? 
Ss 
= 2sin > (| — 
t sin (=) 
s= (40 sin (1/2)) m 


When t = 2s, 
s = 40 sin (2/2) = 33.659 m 


Acceleration: 


a, = V = —0.25(33.659) = —8.415 m/s” 


v = V400 - 0.25(33.659") = 10.81 m/s 


2 10.81? 
=" = = 5.8385 m/s? 
p 20 


The magnitude of the particle’s acceleration is 


a= Vaj+az= Vv 8.415)? + 5.8385? = 10.2 m/s? 
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12-134. A racing car travels with a constant speed of 
240 km/h around the elliptical race track. Determine the 
acceleration experienced by the driver at A. 


Radius of Curvature: 


Substituting Eq. (2) into Eq. (3) yields 


d’y - 4y* + x? 
dx? 16y° 


+(2))" [ 


Thus, 


p= 
dy 


dx 


Acceleration: Since the race car travels with a constant speed along the track, a, = 0. 
Atx = 4kmand y = 0, 


(16y? + x7)? (0 + 47)3? 
pa = = = 1km = 1000m 
4(4y? + x?) 4(0 + 47) 


x=4km 
y=0 


The speed of the race car is 
km \/ 1000 m th 
y= (240) (100m) 0) 2 ogra 


2 66.67? 
=" = = 4.44 m/s? 
1000 
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12-135. The racing car travels with a constant speed of 
240 km/h around the elliptical race track. Determine the 
acceleration experienced by the driver at B. 


Radius of Curvature: 


Substituting Eq. (2) into Eq. (3) yields 


d’y 4y* + x? 
dx 16 y? 


dy\? }3/2 x \2 3 x2 \3/2 
gauss pak Gee 1 + —~ 
1+(2) 1+( =) 16y (16)? + ) 7 


ne = = = 
dy 4y + x? Ay? + x? 4(4y° + | 
dx? 16y? 16y° 


Thus, 


Acceleration: Since the race car travels with a constant speed along the track, a, = 0. 
Atx = Oand y = 2km 


(16y? + x?)3/? [16(27) + 0]? 
PBF = a = 8km = 8000m 
4(4y? + x?) x0) 4[4(2) + 0] 


The speed of the car is 


km \/ 1000 m th 
y= (240) (100m)(18 ) esr 


v2 66.677 
8000 


= 0.556 m/s” 


105 


91962_01_s12-p0001-0176 6/8/09 8:49 AM Page 106 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*12-136. The position of a particle is defined by 
r= {2 sin()ti + 2cos()rtj + 3tk}m, where ¢ is in 
seconds. Determine the magnitudes of the velocity and 
acceleration at any instant. 


Velocity: 


r= [2sin(Zr ji 2005(2 0} 


The magnitude of the velocity is 


2 
v= Vv,? 4 Vy t Vz (cos) 


2 
ae ened 9 = 3.39 m/s 


Acceleration: 


a sin (E.) we cos (2 ji] mys 
go \4 8 4 ‘3 


Thus, the magnitude of the particle’s acceleration is 


2 2 2 2 
a= Va,’ 4 a + = = sin) n ( 7 =] m/s? = 1.23 m/s? Ans, 
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012-137. The position of a particle is defined by 
r = {Pi + 3¢°j + 8tk} m, where fis in seconds. Determine 
the magnitude of the velocity and acceleration and the 
radius of curvature of the path when t = 2 s. 


Velocity: 
r= [Ai + 3°j + 8¢k] m 
dr 4: 
v= a [3¢ i 
When t = 2s, 


v= (2°) j ax] = [12i + 12j + 8k] m/s 


The magnitude of the velocity is 


v= Vv, + vy? + v2 = V12? + 12? + 8 = 18.76 = 18.8m/s Ans. 
Acceleration: 
dv 
= — = [6ti+ 6j 2 
a 7 [6ti ¥j] m/s 


When t = 2s, 


6j] = [121 + 6j] m/s? 


Thus, the magnitude of the particle’s acceleration is 


a= Va,? + a +a, = V12 + 6 + 0 = 13.42 = 13.4m/s? Ans. 


Since a, is parallel to v, its magnitude can be obtained by the vector dot product 


a, = a-u,, where u, = ~ = 0.63961 + 0.6396j + 0.4264k. Thus, 
Vv 


a, = (12i + 6j) - (0.63961 + 0.6396j + 0.4264k) = 11.51 m/s? 


a= Va," + An? 
13.42 = V11.51? + a,” 


= 6.889 m/s” 
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12-138. Car B turns such that its speed is increased by 
(a;)z = (0.5e') m/s”, where t¢ is in seconds. If the car starts 
from rest when 6 = 0°, determine the magnitudes of its 
velocity and acceleration when the arm AB rotates 6 = 30°. 
Neglect the size of the car. 


d 
Velocity: The speed v in terms of time f¢ can be obtained by applying a = a 


dv = adt 


v t 
f dv = 0.5e' dt 
0 0 


v = 0.5(e — 1) [1] 
180° ” 
The time required for the car to travel this distance can be obtained by applying 
_ds 

dt 


) = 2.618 m. 


When 6 = 30°, the car has traveled a distance of s = r0 = s( 


Vv 


2.618 = 0.5 (e —t - 1) 
Solving by trialand error t = 2.1234s 


Substituting t = 2.1234 s into Eq. [1] yields 


v = 0.5 (e*!24 — 1) = 3.680 m/s = 3.68 m/s Ans. 


Acceleration: The tangential acceleration for the car at ¢t = 2.1234s is 
a, = 0.5e”?4 = 4,180 m/s’. To determine the normal acceleration, apply Eq. 12-20. 
3.680" 

a, =— = = 2.708 m/s? 

p 5 


The magnitude of the acceleration is 


a= Va + a= = V4180? + 2.708? = 4.98 m/s? 
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12-139. Car B turns such that its speed is increased by 
(a;)z = (0.5e") m/s’, where ¢ is in seconds. If the car starts 
from rest when @ = 0°, determine the magnitudes of its 
velocity and acceleration when t = 2s. Neglect the size of 
the car. 


d 
Velocity: The speed v in terms of time ¢ can be obtained by applying a = = 


dv = adt 


v t 
| dv = / 0.5e" dt 
0 0 


v = 0.5(e! — 1) 


When t = 2s, v = 0.5(e? — 1) = 3.195 m/s = 3.19 m/s 


Acceleration; The tangential acceleration of the car at t=2s is 
a, = 0.5e? = 3.695 m/s”. To determine the normal acceleration, apply Eq. 12-20. 


ve 3.1957 
GS = 


- 5 = 2041 m/s” 


The magnitude of the acceleration is 


a= Va + a& = V3.6952 + 2.0412 = 4.22 m/s? 


*12-140. The truck travels at a speed of 4m/s along a 
circular road that has a radius of 50 m. For a short distance 
from s = 0, its speed is then increased by a, = (0.05s) m/s’, 
where s is in meters. Determine its speed and the magnitude 
of its acceleration when it has moved s = 10m. 


Velocity: The speed v in terms of position s can be obtained by applying udu = ads. 


vdv = ads 
| vdv = ' 0.05sds 
4 m/s 0 
v = (V0.05s? + 16) m/s 
Ats=10m, v= V0.05(10*) + 16 = 4.583 m/s = 4.58 m/s Ans. 


Acceleration: The tangential acceleration of the truck at s=10m is 
a, = 0.05 (10) = 0.500 m/s”. To determine the normal acceleration, apply Eq. 12-20. 


2 4.5837 
=" = = 0.420 m/s? 
p 50 


The magnitude of the acceleration is 


a= Va + a= = V0.5002 + 0.4202 = 0.653 m/s? 
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e12-141. The truck travels along a circular road that has a 


radius of 50 m at a speed of 4 m/s. For a short distance when 

t = 0,its speed is then increased by a, = (0.4t) m/s”, where 

t is in seconds. Determine the speed and the magnitude of 

the truck’s acceleration when f = 4s. »~ 
50m 


d 
Velocity: The speed v in terms of time f can be obtained by applying a = a 


Whent = 45, v = 0.2(47) + 4 = 7.20 m/s Ans. 
Acceleration: The tangential acceleration of the truck when f= 4s is 


a, = 0.4(4) = 1.60 m/s”.To determine the normal acceleration, apply Eq. 12-20. 


27.207 
a, = ——= = 1.037 m/s? 
p 50 


The magnitude of the acceleration is 


a= Va t+ a = V1.60 + 1.037? = 1.91 m/s? 
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12-142. Two cyclists, A and 8B, are traveling 
counterclockwise around a circular track at a constant speed 
of 8 ft/s at the instant shown. If the speed of A is increased 
at (a,)4 = (s,) ft/s’, where s, is in feet, determine the 
distance measured counterclockwise along the track from B 
to A between the cyclists when t = 1s. What is the 
magnitude of the acceleration of each cyclist at this instant? 


Distance Traveled: Initially, the distance between the cyclists is dg = p0 


120° 
= s0( | = 104.72 ft. When t = 1s, cyclist B travels a distance of sg = 8(1) 
= 8 ft. The distance traveled by cyclist A can be obtained as follows 


vadu, =4, ds 4 


VA SA 
| v4 dv, = i Sy, dS, 
8 ft/s 0 

VA = V's%, + 64 


d. 
yp ee 
VA 


a ee. i ds, 
0 0 Vs\ + 64 


-,1([5A 
1 = sinh! ( + 
sin. (%4) 


s4 = 9.402 ft 


Thus, the distance between the two cyclists after ¢ = 1s is 


d = dy) + 54 — Sp = 104.72 + 9.402 — 8 = 106 ft Ans. 


Acceleration: The tangential acceleration for cyclist A and B at t=1s is 
(a4 = 84 = 9.402 ft/s’ and (a,)p =0 (cyclist B travels at constant speed), 


respectively. At t=1s, from Eq. [1], v4 = V9.402? + 64 = 12.34 ft/s. To 
determine normal acceleration, apply Eq. 12-20. 


_ 12.34? 
50 


(4,4 = = 3.048 ft/s? 


g2 
(4,)p = Fae 1.28 ft/s’ 


The magnitude of the acceleration for cyclist A and B are 


ay = V(a)4 + (a, = V9.4022 + 3.048? = 9.88 ft/s? 


ap = V(aye + (anya = VO? + 1.28? = 1.28 ft/s? 
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12-143. A toboggan is traveling down along a curve which 
can be approximated by the parabola y = 0.01x7. 
Determine the magnitude of its acceleration when it 
reaches point A, where its speed is v4 = 10 m/s, and it is 
increasing at the rate of (a,) 4 = 3 m/s”. 


Acceleration: The radius of curvature of the path at point A must be determined Fist 


dy d’y 
first. Here, —— = 0.02x and —; = 0.02, then 
dx dx 


1 + (dy/dxy 1 + (0.02x)?3” 
js @y/ al _ [fl + (0.02x)"] = 19057 m 
|d y/dx | |0.02| x=60m 


To determine the normal acceleration, apply Eq. 12-20. 
vec, A 


=—= = 0.5247 m/s? 
fn 5 190.57 ue 


Here, a, = v4 = 3 m/s. Thus, the magnitude of accleration is 


a= Va + a& = V3? + 0.5247? = 3.05 m/s? 


*12-144, The jet plane is traveling with a speed of 120 m/s 
which is decreasing at 40 m/s’ when it reaches point A. 
Determine the magnitude of its acceleration when it is at this 
point. Also, specify the direction of flight, measured from the 
X axis. 


Xx 
= 15 In| — 
. (3) 


dy _ 15 
dx X | x=80m 


= 0.1875 


d’y = oS 


— = —0,002344 
dx X* | x=80m 


[1 + (2y 


ay 


2 
dx x = 80m 


_ fl Orgy Pe er 
|—0.002344| eae 


v2 (120) 
=—= = 32.04 m/s” 
np 449.4 ae 


a, = —40 m/s” 


a = V(—40) + (32.04)? = 51.3 m/s” 


Since 


dy 
— = tan 6 = 0.1875 
dx 


0 = 10.6° 
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012-145. The jet plane is traveling with a constant speed 
of 110 m/s along the curved path. Determine the magnitude 
of the acceleration of the plane at the instant it reaches 
point A (y = 0). 


Xx 
= 15 inl = 
* o( ) 


dy 15 
dx x 


= 0.1875 


x=80m 
d’y Ss 


27 2 
dx X* | x=80m 


= —0.002344 


EG 


dy 


dx’ x=80m 

[1 + (0.1875)?}3? 
|-0.002344 
e010)? 
449.4 


= 449.4m 


= 26.9 m/s* 


Since the plane travels with a constant speed, a, = 0. Hence 


a = a, = 26.9 m/s” 


12-146. The motorcyclist travels along the curve at a 
constant speed of 30 ft/s. Determine his acceleration when 
he is located at point A. Neglect the size of the motorcycle 
and rider for the calculation. 


[1+ yr? 


ay 


3 
x=100 ft dx x=100 ft 


[1 + (-0.05)°°? 
- (0.001 = 1003.8 ft 


eee = 0.897 ft/s? 
Gem" 5 100 i 


Since the motorcyclist travels with a constant speed, a, = 0. Hence 


a = a, = 0.897 ft/s” 
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12-147. The box of negligible size is sliding down along a 
curved path defined by the parabola y = 0.4x?. When it is at 
A (x4 = 2m, y, = 1.6m), the speed is vg = 8 m/s and the 
increase in speed is dv ,/dt = 4m/s*. Determine the 
magnitude of the acceleration of the box at this instant. 


[1 + .6)7]}9? 
[0.8| 


= 8.396 m 


82 
SP ieee 7.622 m/s” 
p : 


a = V(4) + (7.622)? = 8.61 m/s 


n 


*12-148. A spiral transition curve is used on railroads to 
connect a straight portion of the track with a curved 
portion. If the spiral is defined by the equation 
y = (10°°)x?, where x and y are in feet, determine the 
magnitude of the acceleration of a train engine moving with 
a constant speed of 40 ft/s when it is at point x = 600 ft. 


y = (10~%)x° 


y= (10)°x3 


dy 
dx | x=600 ft 
d’y 


2 
dx" | x=600 ft 


= 3(10) °x? = 1.08 


x=600 ft 


= 6(10) °x = 3.6(10)° 


x=600 ft 


ie Gee ee 1 + (1.08)7}9? 
+ Ga] — + (1.08) = 885.7 ft 


x=600 ft 


&y |3.6(10) >| 


2 
dx x=600 ft 


2 


a= Va? t+ a = V0 + (1.81) = 1.81 ft/s? 
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e12-149. Particles A and B are traveling counter- 
clockwise around a circular track at a constant speed of 
8 m/s. If at the instant shown the speed of A begins to 
increase by (a,), =(0.4s,) m/s’, where s, is in meters, 
determine the distance measured counterclockwise along 
the track from B to A whent = 1 s. What is the magnitude 
of the acceleration of each particle at this instant? 


Distance Traveled: Initially the distance between the particles is 


120° 
180° 


e = 10.47m 


do = pdé > s( 


When t = 1s, B travels a distance of 


dz = 8(1) = 8m 


The distance traveled by particle A is determined as follows: 


vdv = ads 


i) vdv = fi 0.4 sds 
8 m/s 0 


v = 0.6325Vs* + 160 
_ds 
Vv 


dt 


a “pie [ ds 
0 0 0.6325V s* + 160 


1 s+ 1604+ 5 


1= I 
0.6325 |" /160 


s = 8544m 


Thus the distance between the two cyclists after tf = 1s is 


d = 10.47 + 8.544 —-8 = 110m 


Acceleration: 
For A, when t = 1s, 
(a,)4 = 4 = 0.4(8.544) = 3.4176 m/s? 
v4 = 0.6325V 8.544 + 160 = 9.655 m/s 
2 2 
9.655 
(@@)4=—4= 5 = 18.64 m/s? 
p 


The magnitude of the A’s acceleration is 


ay, = V3.4176? + 18.647 = 19.0 m/s” 


For B, when t = 1s, 


(a,) x =Va 

2 2 
8 

“BL? = 12.80 m/s? 

p 5 


(4,)B = 


The magnitude of the B’s acceleration is 


ag = VO? + 12.80 = 12.8 m/s” 
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12-150. Particles A and B are traveling around a circular 
track at a speed of 8 m/s at the instant shown. If the speed of B 
is increasing by (a,)z = 4 m/s’, and at the same instant A has 
an increase in speed of (a,) , = 0.8¢ m/s’, determine how long 
it takes for a collision to occur. What is the magnitude of the 
acceleration of each particle just before the collision occurs? 


Distance Traveled: Initially the distance between the two particles is dy = p0 


120° 
= s( 180° n] = 10.47m. Since particle B travels with a constant acceleration, 


distance can be obtained by applying equation 


Sp = (So)p + (vo)at 


1 
=0+ 8 +—(4)? = (8+ 27 
Sp i aed )m 
The distance traveled by particle A can be obtained as follows. 


dv, =a, dt 
VA t 
: dv, = I 0.8 tdt 
8 m/s 0 
v4 = (0.47 + 8) m/s 
ds 4 = VU, dt 
SA t 
i ds, = | (0.41? + 8) de 
0 0 
s4 = 0.13330 + 8t 


In order for the collision to occur 


54 + dy = Sp 


0.133347 + 8 + 10.47 = 8t + 2 
Solving by trialand error t = 2.5074s = 2.518 Ans. 


240° 


Note: If particle A strikes B then, s, = (ae 


nr] + sg. This equation will result in 
t= 146s > 251s. 
Acceleration: The tangential acceleration for particle A and B when t = 2.5074 are 
(a,)4 = 0.8t = 0.8 (2.5074) = 2.006 m/s” and (a,)g = 4 m/s”, respectively. When 
t = 2.5074 s, from Eq. [1],u4 = 0.4(2.50747) + 8 = 10.51 m/sand vg = (up)g + act 
= 8 + 4(2.5074) = 18.03 m/s.To determine the normal acceleration, apply Eq. 12-20. 


— 10.51? 


(4,)4 = = 22.11 m/s” 


_ 18.037 


5. 65.01 m/s” 


(Gn) = 


vA 
p 
vp 
p 


The magnitude of the acceleration for particles A and B just before collision are 


ag = V(a)4 + (a,)% = V2.0062 + 22.112 = 22.2 m/s? Ans. 


ay = Vay + (ayy = V¥ + 65.012 = 65.1 m/s? 
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12-151. The race car travels around the circular track with 
a speed of 16 m/s. When it reaches point A it increases its 
speed at a, = G v'/4) m/s’, where v is in m/s. Determine the 
magnitudes of the velocity and acceleration of the car when 
it reaches point B. Also, how much time is required for it to 
travel from A to B? 


Vv d t 
0.75 = | dt 
ys 0 


3 
vi-8=t 


v= (t+ 8) 


ds = vat 


Ss t 
} ds = | (t+ 8): dt 
0 0 


t 

3 
= z(t + 8) 
q 0 


3 
a 8)’ — 54.86 


3 
For s = 5 (200) = 1007 => 4 8)? — 54.86 


t = 10.1085 = 10.15 
v = (10.108 + 8)3 = 47.551 = 47.6 m/s 


4 
we (47.551)! = 3.501 m/s? 
_ vw (47.551) 

p 200 


= 11.305 m/s” 


a = V(3.501) + (11.305)? = 11.8 m/s? 
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*12-152. A particle travels along the path y = a+ bx 
+ cx’, where a, b,c are constants. If the speed of the particle 
is constant, v = Up, determine the x and y components 
of velocity and the normal component of acceleration 
when x = 0. 


y=at bx t+ cx 
y=bx+2cxx 
y = bX + 2c (xP + 2cxk 
When x = 0, y=bx 


vo + x? + Bb? x? 


Vo 


V1+ 0 


Vo b 


V1i+b 
2 


(1+ By? 
At x = 0, p = —_ 
2¢ 

2cvw 


(+ BY? 


an 
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012-153. The ball is kicked with an initial speed 
va = 8m/s at an angle 6, = 40° with the horizontal. Find 
the equation of the path, y = f(x), and then determine the 
normal and tangential components of its acceleration when 
t=0.25s. 


Horizontal Motion: The horizontal component of velocity is (vo), = 8 cos 40° 
= 6.128 m/s and the initial horizontal and final positions are (so), = 0 and s, = x, 
respectively. 


(>) Sx = (So)x + (Uo)xt 
x = 0+ 6.128t [1] 
Vertical Motion: The vertical component of initial velocity is (vo), = 8 sin 40° 


= 5.143 m/s. The initial and final vertical positions are (sg), = 0 and s, = y, 
respectively. 


(+1) Sy = (so)y + (Uo)yt 4 5 (a)y Pr 


1 
= 0+ 5.143t 4 9.81) (7° 
y 5 (-9.81) (7) 
Eliminate t¢ from Eqs [1] and [2], we have 


y = {0.8391x — 0.1306x7} m = {0.839x — 0.131x7}m Ans. 


3.644 
The tangent of the path makes an angle 9 = tan! = 42.33° with the x axis. 


Acceleration: When t = 0.25 s, from Eq. [1],x = 0 + 6.128(0.25) = 1.532 m. Here, 

d d 

= 0.8391 — 0.2612x. At x = 1.532 m, - = 0.8391 — 0.2612(1.532) = 0.4389 
x x 


and the tangent of the path makes an angle @ = tan | 0.4389 = 23.70° with the x axis. 
The magnitude of the acceleration is a = 9.81 m/s’ and is directed downward. From 
the figure, a = 23.70°. Therefore, 


a, = asina = 9.81 sin 23.70° = 3.94 m/s” 


dy = acos a = 9.81 cos 23.70° = 8.98 m/s” 
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12-154. The motion of a particle is defined by the 
equations x = (2t + 17)m and y = (t*)m, where t is in 
seconds. Determine the normal and tangential components 
of the particle’s velocity and acceleration when t = 2s. 


Velocity: Here,r = {(2¢ + 17) i+?’ i} m.To determine the velocity v, apply Eq. 12-7. 


2tj } m/s 


When f¢=2s, v= [2+ 2(2)]i + 2(2)j = {61+ 4j}m/s. Then v= V0? + 4 
= 7.21 m/s. Since the velocity is always directed tangent to the path, 


v, = 0 v,; = 7.21 m/s Ans. 


4 
The velocity v makes an angle @ = tan! ra 33.69° with the x axis. 22626 m/s* 


Acceleration: To determine the acceleration a, apply Eq. 12-9. 


dv 
= — = 123+ 2] 2 
ar {2i + 2j} m/s 


a= V2 +2 = 2.828 m/s” 


2 
The acceleration a makes an angle ¢ = tan! 3 45.0° with the x axis. From the 


figure, a = 45° — 33.69 = 11.31°. Therefore, 


a, = asina = 2.828 sin 11.31° = 0.555 m/s” 


a, = acos a = 2.828 cos 11.31° = 2.77 m/s” 
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12-155. The motorcycle travels along the elliptical track 
at a constant speed v. Determine the greatest magnitude of 
the acceleration if a > b. 


: : re ; : b 
Acceleration: Differentiating twice the expression y = —V a? — x’, we have 
a 


The radius of curvature of the path is 
dy\2}3/2 3/2 
QP Dee) beats 
a a(a — x’) 
7 - b = ab 


a ats 
-— = 3? (a - aye 


[1] 


To have the maximum normal acceleration, the radius of curvature of the path must be 
a minimum. By observation, this happens when y = 0 and x = a. When x—a, 


b2x2 b2x2 ig b2x2 ig bx3 


as ee or a. = : 
a(a — x’) a(a — x’) a(a — x’) a(a - Coal 2 


>>> 1.Then, F + 


b2 
Substituting this value into Eq. [1] yields p = —,x°. Atx = a, 
a 


To determine the normal acceleration, apply Eq. 12-20. 


2 2 
_ v) _ UV _ a 2 
(Gn) max ~ p 4 b/a = as 


Since the motorcycle is traveling at a constant speed, a, = 0. Thus, 


4max =~ (Gn) max = v 


a 
P 
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*12-156. A particle moves along a circular path of radius 
300 mm. If its angular velocity is @ = (2¢7) rad/s, where t is 
in seconds, determine the magnitude of the particle’s 
acceleration when f = 2s. 


Time Derivatives: 


6 = 27 t=2s = 8 rad/s 6 = 4t|,-2s = 8 rad/s” 


Velocity: The radial and transverse components of the particle’s velocity are 
Lar=o vg = 10 = 0.3(8) = 2.4 m/s 


Thus, the magnitude of the particle’s velocity is 


v= Vv,2 + vp? = V0? + 2.4 = 2.4 m/s 
Acceleration: 
a, = 7 — r& = 0 — 0.3(8?) = -19.2 m/s” 


dg = 16 + 270 = 0.3(8) + 0 = 2.4 m/s 


Thus, the magnitude of the particle’s acceleration is 


a= Va, + ag? = V(-19.2)? + 2.42 = 19.3 m/s? 
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¢12-157. A particle moves along a circular path of radius 
300 mm. If its angular velocity is @ = (3¢7) rad/s, where t is 
in seconds, determine the magnitudes of the particle’s 
velocity and acceleration when 6 = 45°. The particle starts 
from rest when 6 = 0°. 


Time Derivatives: Using the initial condition 6 = 0° whent = Os, 


dé = 3t°dt 


6 t 
[ - i 30° dt 
0 0 


0 (1°) rad 


t = 0.9226 s O 


% V=07bb6m/s pv 


6 = 30° t=0.92265 — 2.554 rad/s 6 = Gil noes = 5.536 rad/s” 
Velocity: D 6=45 J 
wet =O vg = 10 = 0.3(2.554) = 0.7661 m/s 


Thus, the magnitude of the particle’s velocity is 


v= Vv,2 + v9? = VO? + 0.76612 = 0.766 m/s . (a) 


Acceleration: 2) 
a, = 7 — r& = 0 — 0.3(2.554?) = -1.957 m/s” 
. : =/ 2 
ay = rb + 270 = 0.3(5.536) + 0 = 1.661 m/s? Ag=/b61 mjs* 


Thus, the magnitude of the particle’s acceleration is g 


a= Va,2 + ay? = V(-1.957" + 1.6612 = 2.57 m/s” 


% 


Cb) Qp=/-957 m/s» 
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12-158. A particle moves along a circular path of radius 
5 ft. If its position is @ = (e°)rad, where f is in seconds, 
determine the magnitude of the particle’s acceleration 
when 6 = 90°. 


Time Derivative: At 9 = 90° = 5 rad, 


a = est t = 0.9032 s 


Using the result of t, the value of the first and second time derivative of r and 0 are 
r=r=0 
6 _ 052°?" p6tie's = 0.7854 rad/s 


6 = 0.25e"™|, 0.99325 = 0.3927 rad/s 


Acceleration: 
a, =F — r&’ = 0 — 5(0.7854?) = —3.084 ft/s” 


ay = 16 + 270 = 5(0.3927) + 0 = 1.963 ft/s? 


Thus, the magnitude of the particle’s acceleration is 


a= Va,2 + ay? = V(—3.084) + 1.9637 = 3.66 ft/s? 
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12-159. The position of a particle is described by 
r= (0+ 4t—4)mm and 6 = (t*”)rad, where ¢ is in 
seconds. Determine the magnitudes of the particle’s 
velocity and acceleration at the instant ¢ = 2s. 


Time Derivatives: The first and second time derivative of rand 96 when t = 2s are 


= 12m g= 0? 


4 — 4| 


t=2s 
3 28 
7 = 3 + 4|_,, = 16 m/s @= 517) = 2.121 rad/s 
t=2s 
3 


r= 61,9 = 12 m/s" 6 = a : = 0.5303 rad/s” 
t=2s 


Velocity: 
v, = = 16m/s Vg = 16 = 12(2.121) = 25.46 m/s 


Thus, the magnitude of the particle’s velocity is 


v= Vv,2 + vp? = V16? + 25.462 = 30.1 m/s 
Acceleration: 

a, = — r@ = 12 — 12(2.1217) = —42.0 m/s 

dy = 16 + 270 = 12(0.5303) + 2(16)(2.121) = 74.25 m/s” 


Thus, the magnitude of the particle’s acceleration is 


ay? = V(—42.0)? + 74.252 = 85.3 m/s? 
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*12-160. The position of a particle is described by 
r = (300e°*') mm and @ = (0.317) rad, where f is in seconds. 
Determine the magnitudes of the particle’s velocity and 
acceleration at the instant ¢ = 1.5s. 
Time Derivatives: The first and second time derivative of r and 6 when t = 1.5s are 
= 300045, = 141.77 mm 6 = 0.3 rad 
= -150e|,_.5, = —70.85 mm/s 6 = 0.6t|,15, = 0.9 rad/s 
= 75e 0 ee = 35.43 mm/s” 6 = 0.6 rad/s” 
Velocity: 
v, = 7 = —70.85 mm/s vg = r6 = 141.71(0.9) = 127.54 mm/s 


Thus, the magnitude of the particle’s velocity is 


v= Vv,2 + v9? = V(—70.85)? + 127.54 = 146 mm/s 


Acceleration: 


a, = F — r@ = 35.43 — 141.71(0.9?) = —79.36 mm/s 


dg = r6 + 270 = 141.71(0.6) + 2(—70.85)(0.9) = —42.51 mm/s” 


Thus, the magnitude of the particle’s acceleration is 


a= Va, + ay? = V(—79.36) + (—42.51)? = 90.0 mm/s? 


e12-161. An airplane is flying in a straight line with a 
velocity of 200 mi/h and an acceleration of 3 mi/h’. If the 
propeller has a diameter of 6 ft and is rotating at an 
angular rate of 120 rad/s, determine the magnitudes of 
velocity and acceleration of a particle located on the tip 
of the propeller. 


200 mi \/5280ft\/ 1h 
é = 293.3 ft 
me ( h )( Imi Yah) ets 


3 mi \/ 5280 ft th \7 
= = 0.001 22 ft/s” 
fe ( te )( 1 mi a4) E 


= 120(3) = 360 ft/s 


= Vub, + vb, = V(293.3)2 + B60)! = 464 ft/s 


Fi 360)” 
= Vr _ BOY _ as ono sys? 
p 3 


a= Var, + a>, = V (0.001 22)? + (43 200)? = 43.2(103) ft/s 
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12-162. A particle moves along a circular path having a 
radius of 4 in. such that its position as a function of time is 
given by 6 = (cos 2f) rad, where t is in seconds. Determine 
the magnitude of the acceleration of the particle when 
0 = 30°. 


When 6 = @ rad, & = cos 2t t = 0.5099 s 
. dO 


6 = — = —2sin 2t = —1.7039 rad/s 
dt t=0.5099 s 


. ae 2 
6 = —5 = —4 cos 2t = —2.0944 rad/s 
dt =0.5099 s 


7=0 F=0 


a, = ¥ — r= 0 — 4(-1.7039)? = 11.6135 in./s? 


dy = 10 + 270 = 4(—2.0944) + 0 = —8.3776 in./s? 


a= Va + a = V(-11.6135)" + (—8.3776)2 = 14.3 in./s? 


12-163. A particle travels around a limacon, defined by 
the equation r = b — a cos 6,where a and b are constants. 
Determine the particle’s radial and transverse components 
of velocity and acceleration as a function of 6 and its time 
derivatives. 


b — acosé@ 
asin 00 
r= acos 60 + asin 60 
v, = + = asin 66 
Vg = 10 = (b — acos6)0 
a, = ¥ — r& = acos 06" + asin 60 — (b — acos 0)" 


= (2a cos 0 — b) 6 + asin 6 


276 = (b — acos6)0 + 2( a sin aii 


= (b — acos6)0 + 2a6’ sin 0 
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*12-164. A particle travels around a lituus, defined by the 
equation r76 = a’, where a is a constant. Determine the 
particle’s radial and transverse components of velocity and 
acceleration as a function of 6 and its time derivatives. 


2r6 = al 4 


°12-165. A car travels along the circular curve of radius 
r = 300 ft. At the instant shown, its angular rate of rotation 


is 0=04 rad/s, which is increasing at the rate of 
6 = 0.2 rad/s’. Determine the magnitudes of the car’s 


velocity and acceleration at this instant. NS 


r = 300 ft 


Velocity: Applying Eq. 12-25, we have 6 = 0.4 rad/s 
' 6 = 0.2 rad/s? % 
=r=0 vg = 16 = 300(0.4) = 120 ft/s 6 


Uy 


Thus, the magnitude of the velocity of the car is 


v = Vou2 + uo = VO? + 120? = 120 ft/s 


Acceleration: Applying Eq. 12-29, we have 
a, = F — r& = 0 — 300(0.47) = —48.0 ft/s? 


dy = r0 + 270 = 300(0.2) + 2(0)(0.4) = 60.0 ft/s? 


Thus, the magnitude of the acceleration of the car is 


a= Va t+ a = V(—-48.0)* + 60.0? = 76.8 ft/s? 
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12-166. The slotted arm OA rotates counterclockwise 
about O with a constant angular velocity of 6. The motion of 
pin B is constrained such that it moves on the fixed circular 
surface and along the slot in OA. Determine the magnitudes 
of the velocity and acceleration of pin B as a function of 6. 


Time Derivatives: 


r = 2acos 0 
—2a sin 00 
r —2al cos 600 + sin 60] = —2al cos 667 + sin 60 
Since 6 is constant, 6 = 0. Thus, 
7 = —2a cos 06° 
Velocity: 
vy, =r= —2a sin 00 vg = r0 = 2a cos 60 


Thus, the magnitude of the pin’s velocity is 


v= v2 + v9? = V( 2a sin 60)? + (2a cos 60) 


= V400?( sin? + cos”@) = 2a0 
Acceleration: 
a= - r@° = —2a cos 66? — 2a cos 66" = —4a cos 667 


ag = 10 + 248 = 0 + 2(—2asin 06)0 = —4a sin 06 


Thus, the magnitude of the pin’s acceleration is 


+ dg? = V( 4a cos 00°)? + (-4a sin 06°)? 


= V160764(cos?a + sin 70) = dab? 
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12-167. The slotted arm OA rotates counterclockwise 
about O such that when 6 = 77/4, arm OA is rotating with 


an angular velocity of 6 and an angular acceleration of 0. r=2acos6 ZZE= -“ 

Determine the magnitudes of the velocity and acceleration 

of pin B at this instant. The motion of pin B is constrained \ 
| 


such that it moves on the fixed circular surface and along 
the slot in OA. 


Time Derivatives: 
r = 2acos@ 
—2a sin 60 


—2al cos 600 + sin 60 = —2al cos 66? + sin 66 


When 6 = iad, 


= 2 +.) = V2a 


u ji Vii 


7 i ae eo ae hace 
2o{ i i) V2a(0 + 6) 


Velocity: 


vy, =r = —V 200 vy = 10 = V200 


Thus, the magnitude of the pin’s velocity is 


v= Vv,2 + v9? = v( V 206)? + (206)? = 2a0 


Acceleration: 
a, =F — re = ~V2a( 6 + 6) — V2a6? = ~V2a(26? + 6) 
ag = 16 + 276 = V2a0 4 2( V2a6)(6) = V2a(6 os 26") 


Thus, the magnitude of the pin’s acceleration is 
a= Va,’ + ap? = VI V2a( 26 + 6) P + [V2a(6 = 26”) ? 
= 2a 464 + 62 
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*12-168. The car travels along the circular curve having a 

radius r = 400 ft. At the instant shown, its angular rate of _ 
rotation is 9 = 0.025 rad/s, which is decreasing at the rate 

6 = —0.008 rad/s’. Determine the radial and transverse 

components of the car’s velocity and acceleration at this r= 400 ft 
instant and sketch these components on the curve. 


r = 400 
6=0.025 6 
r=0 
= rd = 400(0.025) = 10 ft/s 
r — r& = 0 — 400(0.025)? = —0.25 ft/s? 


r@ + 2r6 = 400(—0.008) + 0 = —3.20 ft/s? 


°12-169. The car travels along the circular curve of radius 
r = 400 ft with a constant speed of v = 30 ft/s. Determine 
the angular rate of rotation @ of the radial line r and the 
magnitude of the car’s acceleration. 


r = 400 ft 


vy =r=0 vy = ro = 400( 0) 


v= V0)? + (400 a) = 30 


6 = 0.075 rad/s 


a, = ¥ — r& = 0 — 400(0.075)" = —2.25 ft/s 
dy = r0 + 270 = 400(0) + 2(0)(0.075) = 0 


a= V(-2.25) + (0) = 2.25 ft/s? 
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12-170. Starting from rest, the boy runs outward in the 

radial direction from the center of the platform with a 

constant acceleration of 0.5 m/s”. If the platform is rotating 6 = 0.2 rad/s 
at a constant rate @ = 0.2 rad/s, determine the radial and 

transverse components of the velocity and acceleration of 

the boy when t = 3s. Neglect his size. 


Velocity: When t = 3 s, the position of the boy is given by 


oeS (So)y (vo), t > (a), a 


r=0+0+ 5 (0.5)(3) = 225m 


The boy’s radial component of velocity is given by 


Uy = (vo), a (4), t 


= 0 + 0.5(3) = 1.50 m/s 
The boy’s transverse component of velocity is given by 
Up = 10 = 2.25(0.2) = 0.450 m/s Ans. 


Acceleration: When ft = 3s, r = 2.25 m, 7 = v, = 1.50 m/s, 7 = 0.5 m/s’, 6=0. 
Applying Eq. 12-29, we have 
a, = F — r = 0.5 — 2.25(0.27) = 0.410 m/s” Ans. 


tof 


dy = 16 + 2r0 = 2.25(0) + 2(1.50)(0.2) = 0.600 m/s” Ans. 


12-171. The small washer slides down the cord OA. When it 
is at the midpoint, its speed is 200 mm/s and its acceleration 
is 10 mm/s’. Express the velocity and acceleration of the 
washer at this point in terms of its cylindrical components. 


OA = V(400)2 + (300)? + (700)? = 860.23 mm 


OB = V’(400)? + (300)? = 500 mm 


500 
vp = (200)( =.) = 116 mm/s 


Vg = 0 


700 
Vv, = c0( 2.) = 163 mm/s 


Thus, v = {—116u, — 163u,} mm/s 


10( sos) =-§ ef 
hemes <7: 9 ama 


ag = 0 


700 
fo a Baa 
ae (=) 


Thus,a = {—5.8lu, — 8.14u,} mm/s” 
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*12-172. If arm OA rotates counterclockwise with a 
constant angular velocity of 6 = 2 rad/s, determine the 
magnitudes of the velocity and acceleration of peg P at 
6 = 30°. The peg moves in the fixed groove defined by the 
lemniscate, and along the slot in the arm. 


P= (4sin 2 6)m? 


Time Derivatives: 
r’ = Asin 20 


2ri = 8 cos 200 


@ = 2 rad/s 


[ 4 cos 200 
= aa ais m/s 


r+ ?) = 8(-2 sin 206" + cos 206) 
| 4(cos 268 — 2 sin 2062) — i? 


r 


m/s” 


At 6 = 30°, 
rlg=300 = V4sin 60° = 1.861 m 


. _ (4 cos 60°)(2) 
oe 1.861 


= 2.149 m/s 


. 4[0 — 2 sin 60°(27)] — (2.1497 
oe 1.861 7 


17.37 m/s? 


Velocity: 
v, = * = 2.149 m/s Vg = r9 = 1.861(2) = 3.722 m/s 


Thus, the magnitude of the peg’s velocity is 


v= Vv,2 + v9? = V2.1492 + 3.7222 = 4.30 m/s 
Acceleration: 


a, = — 1 = -17.37 — 1.861(2?) = -24.82 m/s? 


dg =r + 270 = 0 + 2(2.149)(2) = 8.597 m/s? 


Thus, the magnitude of the peg’s acceleration is 


a= Va,2 + ay? = V(—24.82)" + 8.597 = 26.3 m/s” 
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¢12-173. The peg moves in the curved slot defined by the P= (4sin 2 0)m2 
lemniscate, and through the slot in the arm. At 9 = 30°, the 

angular velocity is @ = 2 rad/s, and the angular acceleration 

is 0 = 1.5 rad/s’. Determine the magnitudes of the velocity 

and acceleration of peg P at this instant. 


Time Derivatives: 


2rr = 8 cos 200 


. (s") 
r = | ——— ] m/s 


r 


2( + ?) = a(-2 sin 200 + cos 200?) 


4(cos 206 — 2 sin 266”) — 7? 


r 


m/s? 6 = 1.5 rad/s” 


At 6 = 30°, 


r|g-30 = V4 sin 60° = 1.861 m 
; _ (4 cos 60°)(2) 
Ho—a0 1.861 

4[ cos 60°(1.5) — 2 sin 60°(2?)| — (2.149)? 


as 7 : 
?le-ae = 7 = -15.76 m/s 


= 2.149 m/s 


Velocity: 
v, = + = 2.149 m/s vg = 10 = 1.861(2) = 3.722 m/s 


Thus, the magnitude of the peg’s velocity is 


v= Va,2 + ag? = V2.149 + 3.7222 = 4.30 m/s 
Acceleration: 


a, = — 16° = -15.76 — 1.861(2”) = -23.20 m/s? 


dy = 10 + 276 = 1.861(1.5) + 2(2.149)(2) = 11.39 m/s? 


Thus, the magnitude of the peg’s acceleration is 


a= Va," + ag? = V(—23.20)" + 11.39% = 25.8 m/s? 
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12-174. The airplane on the amusement park ride moves 
along a path defined by the equations r= 4m, 
6 = (0.2f) rad, and z = (0.5 cos #) m, where f is in seconds. 
Determine the cylindrical components of the velocity and 
acceleration of the airplane when t = 6s. 


6 = 0.2t|-6, = 1.2 rad 
6 = 0.2 rad/s 
6=0 


0.5 cos 8 z = —0.5 sin 8Bla12 rad = —0.0932 m/s 


—0.5[cos 66? + sin 66 ]|y—19 sa = —0.007247 m/s? 


=r = 4(0.2) = 0.8 m/s 
= z = —0.0932 m/s 


=¥-—r@? =0- 40.2) = -0.16 m/s 


= r6 + 276 = 4(0) + 2(0)(0.2) = 0 


Z = —0.00725 m/s” 
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12-175. The motion of peg P is constrained by the 
lemniscate curved slot in OB and by the slotted arm OA. If 
OA rotates counterclockwise with a constant angular 
velocity of 6 = 3 rad/s, determine the magnitudes of the 
; ‘ By: 0 
velocity and acceleration of peg P at 8 = 30°. r = (4cos 2 0)m? 


Time Derivatives: 


r’ = 4cos 20 


2rr = —8 sin 200 


—4 sin 200 
Tey = os m/s 


2(r# + 7) = —8(sin 260 + 2 cos 20 6) 


—4(sin 260 + 2cos 206°) -7 

oe 2 

r m/s 
r 


6=3 rad/s. Thus, when 6 = 30°, 
r|p-30° = 4 cos 60° = n/?: m 


—4 sin 60°(3) | 


flea 
6=30 V2 


7.348 m/s 


- —4[0 + 2 cos 60°(3)"] — (—7.348) 
heat F V2 

Velocity: 
vy, = * = -7.348 m/s vy = 1 = V2(3) = 4.243 m/s 


= —63.64 m/s” 


Thus, the magnitude of the peg’s velocity is 


v= Vv,2 + v9? = V7.3482 + (—4.243)? = 8.49 m/s 


Acceleration: 


a, = 7% — 16? = -63.64 — V2(3)? = -76.37 m/s 


r 


dg = 10 + 2%0 = 0 + 2(-7.348)(3) = —44.09 m/s? 


Thus, the magnitude of the peg’s acceleration is 


a= Va,? + ap? = V(—-76.37) + (—44.09)? = 88.2 m/s” 
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*12-176. The motion of peg P is constrained by the 

lemniscate curved slot in OB and by the slotted arm OA. 

If OA rotates counterclockwise with an angular velocity of 

6 = (3197) rad/s, where tf is in seconds, determine the 

magnitudes of the velocity and acceleration of peg P at e ? = (4cos 2 6)m2 
6 = 30°. When t = 0,0 = 0°. 


Time Derivatives: 
Dee 
r’ = 4cos 20 


2rr = —8 sin 260 
(= sin a 
r = | ———— ]m/s 
r 
2(r# + #) = —8(sin 260 + 2 cos 20 6) 


—4(sin 200 + 2cos 206°) — 7? P 


m/s 


= rad, 


T 6 5/2 


=a t = 0.7177 
5 S 


6 = 36? = 1.824 rad/s 
t=0.7177s 


. 9 
6=—1'? = 3.812 rad/s” 
2 t=0.7177s 


= V4cos 60° = V2m 


—4 sin 60°(1.824) 
V2 
—4|sin 60°(3.812) + 2 cos 60°(1.824)"| — (—4.468)? 


v2 


= —4.468 m/s 


32.86 m/s? 
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12-176. Continued 


Velocity: 
v, = 7 = —4.468 m/s vy = 10 = V2(1.824) = 2.579 m/s 


Thus, the magnitude of the peg’s velocity is 
v= Vv,2 + v9? = V(—4.468)? + 2.5792 = 5.16 m/s 


Acceleration: 


a, = ¥ — r@ = —32.86 — V/2(1.824)? = —37.57 m/s? 


r 


dy = 10 + 240 = \/2(3.812) + 2(—4.468)(1.824) = —10.91 m/s? 


Thus, the magnitude of the peg’s acceleration is 


a= Va, + ag? = V(-37.57" + (—10.91)? = 39.1 m/s? 
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e12-177. The driver of the car maintains a constant speed 
of 40 m/s. Determine the angular velocity of the camera 
tracking the car when @ = 15°. 


r = (100 cos 20) m 


Time Derivatives: 
100 cos 20 
(—200 sin 20) m/s 


At 6 = 15°, 


rlg-1s° = 100 cos 30° = 86.60 m 


|g-1s° = —200 sin 30°O = —1000 m/s 
Velocity: Referring to Fig. a, v, = —40 cos ¢ and v, = 40 sin ¢. 
vyp=r 


—40 cos @ = —1000 


Vp = 10 

40 sin @ = 86.600 
Solving Eqs. (1) and (2) yields 

= 40.89° 


6 = 0.3024 rad/s = 0.302 rad/s 
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12-178. When 6 = 15°, the car has a speed of 50 m/s 
which is increasing at 6m/s’. Determine the angular 
velocity of the camera tracking the car at this instant. 


Time Derivatives: 


r = 100 cos 20 r = (100 cos 20) m 


+ = (—200 sin 200) m/s 


r —200{ sin 200 + 2cos 206" | m/s” 
At @ = 15°, 

rlg-1s° = 100 cos 30° = 86.60 m 

|g-1s° = —200 sin 30°O = —1000 m/s 


lpi» = —200[sin 30°6 + 2 cos 30°6"| = (—1006 — 346.416”) m/s? 


Velocity: Referring to Fig. a, v, = —50 cos ¢ and vg = 50 sin ¢. Thus, 


Vv. =P 


—50 cos 6 = —1000 


Vg = ro 

50 sin & = 86.600 
Solving Eqs. (1) and (2) yields 

= 40.89° 


6 = 0.378 rad/s 


12-179. If the cam rotates clockwise with a constant 
angular velocity of 6 = 5 rad/s, determine the magnitudes 
of the velocity and acceleration of the follower rod AB at 
the instant 6 = 30°. The surface of the cam has a shape of 
limacon defined by r = (200 + 100 cos 6) mm. 


Time Derivatives: 

r = (200 + 100 cos 0) mm 

+ = (—100 sin 60) mm/s 6 = 5rad/s 

—100{ sin 00 + cos 06° | mm/s” 6=0 

When @ = 30°, 

r|p—30° = 200 + 100 cos 30° = 286.60 mm 

7|p—30° = —100 sin 30°(5) = —250 mm/s 

|g-39° = —100[0 + cos 30°(5*)] = —2165.06 mm/s? 
Velocity: The radial component gives the rod’s velocity. 

v, = r = —250 mm/s 


Acceleration: The radial component gives the rod’s acceleration. 


a, = ¥ — r = —2156.06 — 286.60(52) = —9330 mm/s” 
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*12-180. At the instant @ = 30°, the cam rotates with a _ r= (200 + 100 cos 6) mm 
clockwise angular velocity of @ = 5 rad/s and and angular 8 

acceleration of @ = 6 rad/s*. Determine the magnitudes of 

the velocity and acceleration of the follower rod AB at this 

instant. The surface of the cam has a shape of a limacon 

defined by r = (200 + 100 cos 0) mm. 


Time Derivatives: 
r = (200 — 100 cos 6) mm 
7 = (—100 sin 64) mm/s 
—100{ sin 00 + cos 06° | mm/s” 
When 6 = 30°, 
r|g—30° = 200 + 100 cos 30° = 286.60 mm 


?|p—30° = —100 sin 30°(5) = —250 mm/s 


|p—30: = —100[sin 30°(6) + cos 30°(5*)] = 2465.06 mm/s” 


Velocity: The radial component gives the rod’s velocity. 
v, = F = —250 mm/s 


Acceleration: The radial component gives the rod’s acceleration. 


a, = F — r@° = —2465.06 — 286.60(5”) = —9630 mm/s 
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e12-181. The automobile travels from a parking deck 
down along a cylindrical spiral ramp at a constant speed of 
v = 1.5 m/s. If the ramp descends a distance of 12 m for 
every full revolution, @ = 27 rad, determine the magnitude 
of the car’s acceleration as it moves along the ramp, 
r= 10m. Hint: For part of the solution, note that the 
tangent to the ramp at any point is at an angle of 
¢ = tan“! (12/[2a(10)]) = 10.81° from the horizontal. Use 
this to determine the velocity components v» and v,, which 
in turn are used to determine 6 and Z. 


) = 10.81° 


= 1.5 cos 10.81° = 1.473 m/s 


= —1.5 sin 10.81° = —0.2814 m/s 


vg = 10 = 1473 


Since 0 = 0 


a, =r — +0 = 0 — 10(0.1473)? = —0.217 


dy = +6 + 2r6 = 10(0) + 2(0)(0.1473) = 0 


a,=Z=0 


a= V(-0.217" + (0) + (0)? = 0.217 m/s? 
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12-182. The box slides down the helical ramp with a 
constant speed of v = 2 m/s. Determine the magnitude of 
its acceleration. The ramp descends a vertical distance of 
1m for every full revolution. The mean radius of the ramp is 
r=05m. 


L 1 
Velocity: The inclination angle of the ramp is ¢ = tan | ie taf (0. 5 = 17.66°. 


Thus, from Fig. a, vg = 2 cos 17.66° = 1.906 m/s and v, = 2 sin 17.66° = 0.6066 m/s. Thus, 


Vo = ro 
1.906 = 0.50 


6 = 3.812 rad/s 


Acceleration: Since r = 0.5 mis constant, r = 7 = 0. Also, @ is constant, then 6 = 0. 
Using the above results, 


a, =*% — 1? = 0 — 0.5(3.812)? = —7.264 m/s? 


dg = r0 + 270 = 0.5(0) + 2(0)(3.812) = 0 


Since y, is constant a, = 0. Thus, the magnitude of the box’s acceleration is 


a= Va, + ag? + a,2 = V(-7.264) + 02 + 0 = 7.26 m/s? Ans. 
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12-183. The box slides down the helical ramp which is 
defined by r = 0.5 m,@ = (0.5¢3)rad, and z = (2 - 0.227) m, 
where f¢ is in seconds. Determine the magnitudes of the 
velocity and acceleration of the box at the instant 
0 = 2rrad. 


Time Derivatives: 
r=05m 


r=r=0 


6 = (1.517) rad/s 6 = 3(3r) rad/s? 


z=2- 02° 
Zz = (-0.4t) m/s 2 = -0.4 m/s” 
When 0 = 27 rad, 


Qn = 0.50 


A\,—-2.3955 = 1.5(2.325)* = 8.108 rad/s 
O\,-2.3955 = 3(2.325) = 6.975 rad/s? 
Z|)-2.305 5 = —0.4(2.325) = —0.92996 m/s 


oe o 2 
1=2.3255 = —0.4m/s 


Velocity: 
r=0 
= r@ = 0.5(8.108) = 4.05385 m/s 


= 7 = —0.92996 m/s 


Thus, the magnitude of the box’s velocity is 


v= Vv,2 + vp? + v2 = VO? + 4.053852 + (—0.92996)? = 4.16 m/s Ans. 


Acceleration: 


a, =F —r& = 0 — 0.5(8.108)? = —32.867 m/s? 
dg = 1r0 + 276 = 0.5(6.975) + 2(0)(8.108)? = 3.487 m/s? 
a, = Z = —0.4 m/s” 


Thus, the magnitude of the box’s acceleration is 


a= Va,2 + ag? + a,2 = V(—32.867) + 3.487 + (—0.4)? = 33.1 m/s? Ans. 
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*12-184. Rod OA rotates counterclockwise with a constant 
angular velocity of @ = 6 rad/s. Through mechanical means 
collar B moves along the rod with a speed of 7 = (4t”) m/s, 
where f¢ is in seconds. If r = 0 when ¢t = 0, determine the 
magnitudes of velocity and acceleration of the collar when 
t = 0.75s. 


Time Derivatives: Using the initial condition r = 0 when t = Os, 


dr 


t=0.75 s 


Velocity: 


v, = * = 2.25 m/s vg = 10 = 0.5625(6) = 3.375 m/s 


Thus, the magnitude of the collar’s velocity is 


v= Vv,2 + vp? = V2.25% + 3.375% = 4.06 m/s 


Acceleration: 


a 


= ¥ — r& = 6 — 0.5625( 67) = —14.25 m/s” 


r 


dg = r0 + 276 = 0.5625(0) + 2(2.25)(6) = 27 m/s” 


Thus, the magnitude of the collar’s acceleration is 


a= Va, + ag? = V(-14.25" + (-27) = 30.5 m/s? 
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¢12-185. Rod OA is rotating counterclockwise with an 
angular velocity of 9 = (2z7) rad/s. Through mechanical means 
collar B moves along the rod with a speed of + = (4t?)m/s. If 
6 = 0 and r = O when ¢ = O, determine the magnitudes of 
velocity and acceleration of the collar at 6 = 60°. 


Position: Using the initial condition 9 = 0 whent = Os, 


do 


t = 1.162s 


Using the initial condition r = 0 whent = Os, 


dr 


Time Derivatives: 


r= 4? = 5.405 m/s = 2.703 rad/s 
t=1.162s t=1.162s 


7 = 8t = 9.300 m/s? 6 = 4.650 rad/s? 
t=1.162s t=1.162s 


Velocity: 
v, = + = 5.405 m/s Vy = 16 = 2.094(2.703) = 5.660 m/s 


Thus, the magnitude of the collar’s velocity is 


v= Vv,2 + v9? = V5.4052 + 5.6602 = 7.83 m/s 


Acceleration: 


a, = F — r& = 9.300 — 2.094(2.7037) = —5.998 m/s? 


dg = 16 + 270 = 2.094(4.650) + 2(5.405)(2.703) = 38.95 m/s” 


Thus, the magnitude of the collar’s acceleration is 


a= Va, + ag? = V(-5.998) + 38.95? = 39.4 m/s” 
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12-186. The slotted arm AB drives pin C through the spiral 
groove described by the equation r = a@. If the angular 
velocity is constant at 0, determine the radial and transverse 
components of velocity and acceleration of the pin. 


Time Derivatives: Since 6 is constant, then 6=0. 
r= ao 7 = a0 7 =a0=0 
Velocity: Applying Eq. 12-25, we have 
v= T= ad 
vg = r0 = aoe 


Acceleration: Applying Eq. 12-29, we have 


a, = + — ré? = 0 — ade? = —a06? 


dy = 10 + 270 = 0 + 2(a0)(0) = 2a0? 


12-187. The slotted arm AB drives pin C through the 
spiral groove described by the equation r = (1.5 6) ft, where 
@ is in radians. If the arm starts from rest when 0 = 60° and 
is driven at an angular velocity of @ = (4f) rad/s, where t is 
in seconds, determine the radial and transverse components 
of velocity and acceleration of the pin C when t = 1s. 


Time Derivatives: Here, @ = 4t and 6 = 4 rad/s’. 


r=150 ~F=150=15(4t)=6t ¥ = 156 = 1.5(4) = 6 ft/s? 


6 t 
1 
Velocity: Integrate the angular rate, i dé = i 4tdt, we have 6 = 5 (61? + 7) rad. 
3 0 


1 1 
Then, r = {hee + ot LAH dsr [6(17) + a] = 4.571 ft,+ = 6(1) = 6.00 ft/s 


and @ = 4(1) = 4 rad/s. Applying Eq. 12-25, we have 
v, = + = 6.00 ft/s 
vp = 10 = 4.571 (4) = 18.3 ft/s 
Acceleration: Applying Eq. 12-29, we have 
a, = ¥ — r& = 6 — 4.571(47) = —67.1 ft/s” 


dy = 10 + 270 = 4.571(4) + 2(6) (4) = 66.3 ft/s? 
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*12-188. The partial surface of the cam is that of a 
logarithmic spiral r = (40e°°°*) mm, where 6 is in radians. If 
the cam rotates at a constant angular velocity of 6=4 rad/s, 
determine the magnitudes of the velocity and acceleration of 
the point on the cam that contacts the follower rod at the 
instant 9 = 30°. 


= 0.05 6 : 
r= 40e 0 = 4 rad/s 


i = 20050 


= oets9(4) a 2¢9.05 4g 


= 40¢ 956) = 41.0610 
7 = 20 8) (4) = 8.2122 
7 = Ole 95) (4)? + 0 = 1.64244 
v, =F = 8.2122 


Vp = 10 = 41.0610(4) = 164.24 


v = V(8.2122)? + (164.24)? = 164 mm/s 
a, = *% — r@ = 1.642 44 — 41.0610(4)* = —655.33 


dy = 10 + 270 = 0 + 2(8.2122)(4) = 65.6976 


a = V(—655.33)" + (65.6976)? = 659 mm/s” 
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12-189. Solve Prob. 12-188, if the cam has an angular 
acceleration of @ = 2 rad/s” when its angular velocity is 


6 = 4rad/s at 6 = 30°. 


r= AQe 9-958 


7 = 2¢995 99 


= o.1e"*(0) a 2¢9-05 69 


= Ade °5(8) = 41,0610 
r = 2e °-5(6) (4) = 8.2122 
¥ = 0.1¢29(8) (4) + 2¢ 9.05(§) (2) = 5.749 
v, =r = 8.2122 


vg = 10 = 41.0610(4) = 164.24 


v = V(8.2122)? + (164.24)? = 164 mm/s 


a, = % — r? = 5.749 — 41.0610(4)? = —651.2 


dg = r6 + 270 = 41.0610(2) + 2(8.2122)(4) = 147.8197 


a = V(—651.2)* + (147.8197) = 668 mm/s” 
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12-190. A particle moves along an Archimedean spiral 
r = (86) ft, where 6 is given in radians. If @ = 4 rad/s 
(constant), determine the radial and transverse components 
of the particle’s velocity and acceleration at the instant 
6 = 77/2 rad. Sketch the curve and show the components on 
the curve. 


Time Derivatives: Since 6 is constant, 6 = 0. 
r = 86 = (3) =4rft 7 =86=8(4) =320ft/s 7=86=0 


Velocity: Applying Eq. 12-25, we have 

v, =r = 32.0 ft/s 

vp = 10 = 4r(4) = 50.3 ft/s 
Acceleration: Applying Eq. 12-29, we have 


a, =F — 1 = 0 — 4n(4?) = -201 ft/s? 


dp = 10 + 270 = 0 + 2(32.0)(4) = 256 ft/s? 


12-191. Solve Prob. 12-190 if the particle has an angular 


r = 80 = (2) =4nft + = 86 = 8(4) = 32.0 ft/s 


7 = 86 = 8(5) = 40 ft/s? 


a ; y 
acceleration @ = 5 rad/s* when @ = 4 rad/s at 9 = 7/2 rad. 
Time Derivatives: Here, we = (86) ft 
r 
0 


re 


Velocity: Applying Eq. 12-25, we have 
v, = r = 32.0 ft/s 


vp = 10 = 4n(4) = 50.3 ft/s 


Acceleration: Applying Eq. 12-29, we have 


Up= 50-3 Sts 
a, =F — r= 40 - 47(4”) = —161 ft/s* . 


dg = 10 + 276 = 4x(5) + 2(32.0)(4) = 319 ft/s? 
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*12-192. The boat moves along a path defined by 
r? = [10(105) cos 26] ft?, where @ is in radians. If 
6 = (0.407) rad, where ¢ is in seconds, determine the radial 
and transverse components of the boat’s velocity and 
acceleration at the instant t = 1s. 


Time Derivatives: Here, 9 = 0.47’, 6 =0.8t and 6 = 0.8 rad/s. When t = 1s, 
0 = 0.4 (17) = 0.4 rad and 6 = 0.8 (1) = 0.8 rad/s. 
? = 10(10°) cos20 — r = 100'Vcos 20 


_ 10(10’) sin 20 ; 


2ri = —20(109) sin 200 
r 


2rF + 27 = —20(105) (2 cos 2067 + sin 200) 


_ —10(10°) (2 cos 2067 + sin 200) age 
eo 


r 


10(10°) sin 0.8 
83.47 
—10(103)| 2 cos 0.8(0.87) + sin 0.8(0.8)] — (—68.75)? 


oe ee 2 
and 7 a7 232.23 ft/s*. 


At 6 = 0.4rad,r = 100V cos 0.8 = 83.47 ft, 7 = 


(0.8) = —68.75 ft/s 


Velocity: Applying Eq. 12-25, we have 


v, = 7 = —68.8 ft/s 


Up = 10 = 83.47(0.8) = 66.8 ft/s 


Acceleration: Applying Eq. 12-29, we have 


r 


= 7% — r@ = —232.23 — 83.47(0.8") = —286 ft/s” 


ag = r0 + 270 = 83.47(0.8) + 2(—68.75)(0.8) = —43.2 ft/s? 


¢12-193. Acar travels along a road, which for a short distance 
is defined by r = (200/0) ft, where @ is in radians. If it 
maintains a constant speed of v = 35 ft/s, determine the radial 
and transverse components of its velocity when 6 = 77/3 rad. 


200 
6 0=77/3 rad 


0=77/3 rad 


1800 - 
= 5) (7) 
7 


=u+uy 


(83 


= 0.1325 rad/s 
_ 1800 


a2 


(0.1325) = —24.2 ft/s 


600 
= — (0.1325) = 25.3 ft/s 


T 
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12-194. Fora short time the jet plane moves along a path 
in the shape of a lemniscate, r7 = (2500 cos 20) km. At the 
instant 6 = 30°, the radar tracking device is rotating at 
@ = 5(10-+) rad/s with 6 = 2(10~4) rad/s. Determine the 
radial and transverse components of velocity and 
acceleration of the plane at this instant. 


r° = 2500 cos 26 


Time Derivatives: Here, 0 = 5(10°*) rad/s and § = 2(10°*) rad/s”. 


r? = 2500 cos 20 r = 50V cos 26 


_ 2500 sin 20 j 
r 


2rz = —5000 sin 260 i= 
2rF + 27 = —5000(2 cos 2067 + sin 200) 


—2500(2 cos 206" + sin 260) — 7? 


r 


f= 
2500 sin 60° 
At 6 = 30°,r = 50Vcos 60° = 35.36 km, # = -—————[5( 10°) | 
35.36 
—2500{2 cos 60° 5(10~) |? + sin 60°[2(10-)]} — (—0.3062)° 
35.36 


= —0.3062 km/s 


and 7 = = —0.1269 km/s’. 


Velocity: Applying Eq. 12-25, we have 
v, = F = —0.3062 km/s = 306 m/s 


vg = 10 = 35.36|5(10°3)] = 0.1768 km/s = 177 m/s 


Acceleration: Applying Eq. 12-29, we have 


a, = ¥ — r& = —0.1269 — 35.36[5(103) |? 


= —0.1278 km/s” = —128 m/s” 


ag = 70 + 276 = 35.36[2(10°3)] + 2(—0.3062)| 5( 10°) 


= 0.06765 km/s? = 67.7 m/s” 
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12-195. The mine car C is being pulled up the incline 
using the motor M and the rope-and-pulley arrangement 
shown. Determine the speed vp at which a point P on the 
cable must be traveling toward the motor to move the car 
up the plane with a constant speed of v = 2 m/s. 


2sc + (Sc — Sp) = 1 


Thus, 


3Vc — vp = 0 


Hence, 


vp = 3(-2) = -6m/s=6m/s 7 


*12-196. Determine the displacement of the log if the 
truck at C pulls the cable 4 ft to the right. 


28g + (sg - Sc) =1 


3sp — Sc =l 

3Asz — Asc = 0 
Since Asc = —4, then 
3Asz = —4 


Asz = —1.33 ft = 1.33 ft 


e12-197. If the hydraulic cylinder H draws in rod BC at 
2 ft/s, determine the speed of slider A. 


2syH +s, =l 


2Vy SV a 
2(2) = SUA 


v4 = —4ft/s = 4 ft/s<— 
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12-198. Ifend A of the rope moves downward with a speed 
of 5m/s, determine the speed of cylinder B. 


Position Coordinates: By referring to Fig. a, the length of the two ropes written in 
terms of the position coordinates s 4, 53, and sc are 


Spt 2a+2sc=], 


Sp + 2sc =], — 2a 


Sat (S84 — Sc) = 


254 - Sc=lh 


Eliminating sc from Eqs. (1) and (2) yields 


5p + 4s, =1, -— 2a + 2h 
Time Derivative: Taking the time derivative of the above equation, 
(+1) vp + 4vy4 =0 
Here, v4, = 5 m/s. Thus, 

vg t+ 4(5) = 0 


vg = —20m/s = 20m/s T 


12-199. Determine the speed of the elevator if each 
motor draws in the cable with a constant speed of 5m/s. 


Position Coordinates: By referring to Fig. a, the length of the two cables written in 
terms of the position coordinates are 


Spt (Sz 


2sp - Sat sc=lh, 


2(S~ — Sc) = hh 


3sp — Sp - 2c = 1, 


Eliminating sc from Eqs. (1) and (2) yields 


Ts— — 284 - Sp=2h,+h 


Time Derivative: Taking the time derivative of the above equation, 


(+1) Te — 2v4 — Vp = 0 


Here, v4 = vg = —5 m/s. Thus, 


Ig — [2(-5)] - (-5) = 0 


Ve = —2.14 m/s = 2.14 m/s Tf 
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*12-200. Determine the speed of cylinder A, if the rope is 
drawn towards the motor M at a constant rate of 10 m/s. 


Position Coordinates: By referring to Fig. a, the length of the rope written in terms 
of the position coordinates s 4 and sy is 


3s, t+ sy al 


Time Derivative: Taking the time derivative of the above equation, 


(+1) 3v,4 + Vy = 0 


Here, vy = 10 m/s. Thus, 
3v,+10=0 


v4 = —3.33 m/s = 3.33 m/s 7 


e12-201. If the rope is drawn towards the motor M at a 
speed of vy = (5t**) m/s, where t is in seconds, determine 
the speed of cylinder A when t = 1s. 


Position Coordinates: By referring to Fig. a, the length of the rope written in terms 
of the position coordinates s 4 and sy is 


3s, t+ sy=l 


Time Derivative: Taking the time derivative of the above equation, 


(+1) 3v4 + vy = 0 


Here, vy = (5177) m/s. Thus, 


3v,4 + 50/2 =0 


(5) m/s = 1.67 m/s 7 


t=1s 
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12-202. If the end of the cable at A is pulled down with a 
speed of 2 m/s, determine the speed at which block B rises. 


Position-Coordinate Equation: Datum is established at fixed pulley D. The position 
of point A, block B and pulley C with respect to datum are sy, sg and Sc, 
respectively. Since the system consists of two cords, two position-coordinate 
equations can be developed. 


2ct+t sgl, [1] 
Spt (sp = sc) = lh [2] 
Eliminating sc from Eqs. [1] and [2] yields 
S4 + 4sp =1, + 2h 
Time Derivative: Taking the time derivative of the above equation yields 
uv, + 4uzg = 0 


Since v4 = 2 m/s, from Eq. [3] 


(+1) 2+ dug =0 


vg = —0.5m/s = 0.5m/s Tf 


12-203. Determine the speed of B if A is moving 
downwards with a speed of v4, = 4 m/s at the instant shown. 


Position Coordinates: By referring to Fig. a, the length of the two ropes written in 
terms of the position coordinates 54, 53, and sc are 


SA E 28¢ = L (1) 


Sp + (8p - Sc) = hy 


Eliminating sc from Eqs. (1) and (2), 


4spt+syg=2h+h 


Time Derivative: Taking the time derivative of Eq. (3), 
(+ 1) 4v_~e + v4 = 0 
Here, v4 = 4 m/s. Thus, 

4v,p + 4=0 


vg = -1m/s = 1m/sT 
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*12-204. The crane is used to hoist the load. If the motors 
at A and B are drawing in the cable at a speed of 2 ft/s and 
4 ft/s, respectively, determine the speed of the load. 


Position-Coordinate Equation: Datum is established as shown. The positon of point 
A and B and load C with respect to datum are s 4, sz and sc, respectively. 


4sc + Sa t+ Spt 2h=l 


Time Derivative: Since h is a constant, taking the time derivative of the above 
equation yields 


4uc + v4 + vg = 0 [1] 
Since v4 = 2 ft/s and vg = 4 ft/s, from Eq. [1] 
4u-+2+4=0 


vc = —1.50 ft/s = 1.50 ft/s T 


¢12-205. The cable at B is pulled downwards at 4 ft/s, and 
the speed is decreasing at 2 ft/s’. Determine the velocity 
and acceleration of block A at this instant. 

2s, + (h- sc) =l 

2V4 = Vo 

Sc + (Sc — Sp) = 1 

2Vc = VB 

VB 4va, 


az 4a, 


Thus, 
—4 = 4vA 
v4 = —1 ft/s = 1 ft/s T 


2 = 4a, 


a, = 0.5 ft/s = 0.5 ft/s* 
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12-206. If block A is moving downward with a speed of 4 ft/s 
while C is moving up at 2 ft/s, determine the speed of block B. 


54+ 2sp+ Sc=l 


va + 2vgp + vc =0 


4+ 2vg-2=0 


vg = —1 ft/s = 1 ft/s t 


12-207. If block A is moving downward at 6 ft/s while block 
C is moving down at 18 ft/s, determine the speed of block B. 


54 = 2sp+ Sc=1 


V4 = 2vgp + Vc =0 


6 + 2vg + 18 =0 


vg = —12 ft/s = 12 ft/s T 


*12-208. If the end of the cable at A is pulled down with a 
speed of 2 m/s, determine the speed at which block E rises. 


Position-Coordinate Equation: Datum is established at fixed pulley. The position of 
point A, pulley B and C and block E with respect to datum are s4, Sz, Sc and Sz, 
respectively. Since the system consists of three cords, three position-coordinate 
equations can be developed. 


2sp + sg = lh, [1] 


> + (sc — 83) = [2] 
t (Sp - SC) Hh; [3] 


Eliminating sc and sz from Eqs. [1], [2] and [3], we have 


SA t 8sp =], Al, 


Time Derivative: Taking the time derivative of the above equation yields 


v4 + 8vg = 0 


Since vy, = 2 m/s, from Eq. [3] 
(+1) 2 + 8ug =0 


vg = —0.250 m/s = 0.250 m/s T 
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012-209. If motors at A and B draw in their attached 
cables with an acceleration of a = (0.2t) m/s”, where f is in 
seconds, determine the speed of the block when it reaches a 
height of h = 4 m, starting from rest at h = 0. Also, how 
much time does it take to reach this height? 


S4+2sp=l 


(Sc 


As, = —2Asp 2Asc — Asp + Asp = 0 


If Asc = —4 and As, = Asz, then, 


= —2Asp 2(-4) — Asp + As, = 0 


= —2.67m As, rar Asp = 533m 


VA = —2vp 
2¥c — Vp + vg = 0 


a = 0.2t 


dv = adt 


Vv t 
fo = fox dt 
0 0 


v= 0.10 


ds = vat 


Ss t 
fo = fox dt 
0 0 


Otis 
=—f = 5.33 
eer 


t = 5.428s = 5.4358 

v = 0.1(5.428) = 2.947 m/s 
Va = Vg = 2.947 m/s 

Thus, from Eqs. (1) and (2): 
2.947 = —2vp 


Vp = —1.474 


2ve — (1.474) + 2.947 = 0 


Vc = —2.21 m/s = 2.21 m/s Tf 
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12-210. The motor at C pulls in the cable with an 
acceleration ac = (3t*) m/s”, where ¢ is in seconds. The 
motor at D draws in its cable at ap = 5 m/s”. If both motors 
start at the same instant from rest when d = 3 m, determine 
(a) the time needed for d = 0, and (b) the velocities of 
blocks A and B when this occurs. 


= ac = —3t? 

-15? = 15? 
0.5 

S4 = 0.12514 > 

For B: 

ap = 5m/s? — 

Vp = St<— 

Sp = 25P— 

Require s4 + sg =d 

0.12524 + 2.517 = 3 


Set u = 0? 0.125u* + 2.5u = 3 


The positive root is u = 1.1355. Thus, 


t = 1.0656 = 1.07s 


v4 = .0.5(1.0656)* = 0.605 m/s 


vp = 5(1.0656) = 5.33 m/s 
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12-211. The motion of the collar at A is controlled by a 
motor at B such that when the collar is at s, = 3 ft it is 
moving upwards at 2 ft/s and decreasing at 1 ft/s’. 
Determine the velocity and acceleration of a point on the 
cable as it is drawn into the motor B at this instant. 


Vs, t+ sp =] 


(s% + 16)? (254)54 + Sp = 0 


1 


= —S4S,4 (s% + 16)? 


= | (4) (3 + 16) + saSa(s4 


(sasa)? (s4)? + SAS 4 


(s% + 16)? (s% + 16)? 


Evaluating these equations: 


sg = —3(—2)((3)? + 16)? = 1.20 ft/s | 


— @CVP _ 27 +30) | 
(BY +16) (3 + 16 


1.11 ft/s? = 1.11 ft/s? T 


*12-212. The man pulls the boy up to the tree limb C by 
walking backward at a constant speed of 1.5 m/s. 
Determine the speed at which the boy is being lifted at the 
instant x, = 4m. Neglect the size of the limb. When 
x4 = 0, yg = 8m, so that A and B are coincident, 1.e., the 
rope is 16 m long. 


Position-Coordinate Equation: Using the Pythagorean theorem to determine / 4c, 


we have ljc = Vx2, + 8°. Thus, 
L=lac + ye 
16 = Vx, + 82 + yp 
yp = 16 —- Vx4, + 64 


dx 
Time Derivative: Taking the time derivative of Eq. [1] and realizing that vu, = a 


d 
and vg = ae we have 


XA dx, 
V x2, + 64 at 
XA 


Se 
V x2, + 64 . 


At the instant x, = 4m, from Eq. [2] 


4 
UB (1.5) = —0.671 m/s = 0.671 m/s t Ans. 


4? + 64 


Note: The negative sign indicates that velocity vg is in the opposite direction to that 
of positive yp. 
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¢12-213. The man pulls the boy up to the tree limb C by 
walking backward. If he starts from rest when x, = 0 and 
moves backward with a constant acceleration a4 = 0.2 m/s’, 
determine the speed of the boy at the instant yz, = 4m. 
Neglect the size of the limb. When x, = 0, yg = 8m,so that A 
and B are coincident, i.e., the rope is 16 m long. 


Position-Coordinate Equation: Using the Pythagorean theorem to determine / jc, 


we have ljc = Vx + 8. Thus, 
1=Isc + yp 
16 = Vx, + 82 + yz 
yp = 16 - Vx + 64 


Time Derivative: Taking the time derivative of Eq. [1] Where vy = 


YB 
UB = we have 
t 


x dx, 


A 
Vx4,+ 64 at 


VU 
Vix%, + 64 . 


At the instant yg = 4m, from Eq. [1], 4 = 16 — Vx%, + 64, x4 = 8.944 m. The 
velocity of the man at that instant can be obtained. 


va = (wa + 2(a.)a[sa — (S0)a] 


v4, = 0 + 2(0.2)(8.944 — 0) 


v4 = 1.891 m/s 
Substitute the above results into Eq. [2] yields 


8.944 


V8.944? + 64 


Note: The negative sign indicates that velocity vz is in the opposite direction to that 
of positive yp. 


(1.891) = —1.41 m/s = 1.41 m/s? Ans. 
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12-214. If the truck travels at a constant speed of 
vr = 6 ft/s, determine the speed of the crate for any angle 0 


of the rope. The rope has a length of 100 ft and passes over 
a pulley of negligible size at A. Hint: Relate the coordinates 
xr and xc to the length of the rope and take the time 
derivative. Then substitute the trigonometric relation 
between xc and 6. 


V (20) + x2 + xp = 1 = 100 


5 ((20" + (x0) {(2xckc) + xp =0 


Since x7 = vr = 6 ft/s, vc = Xc, and 


Xc = 20 ctné 


Then, 


(20 ctn 0)vc 
(400 + 400 ctn? 0)? 


Since 1 + ctn? 6 = csc? 6, 


t 
(£ aa = cos Ovc = —6 
csc 0 


Vc = —6sec 6 = (6sec 8) ft/s > 


12-215. At the instant shown, car A travels along the 
straight portion of the road with a speed of 25m/s. At this 
same instant car B travels along the circular portion of the 
road with a speed of 15m/s. Determine the velocity of car B 
relative to car A. 


Velocity: Referring to Fig. a, the velocity of cars A and B expressed in Cartesian 
vector form are 


v4 = [25 cos 30°i — 25 sin 30° j] m/s = [21.651 — 12.5j] m/s 

Vg = [15 cos 15°i — 15 sin 15° j] m/s = [14.491 — 3.882j] m/s 
Applying the relative velocity equation, 

Vp = Vat Vp/a 


14.491 — 3.8825 = 21.651 — 12.5j + vp/4 


Vaja = [—7.162i + 8.618j] m/s 


Thus, the magnitude of vz,, is given by 


vga = V(-7.162)" + 8.618? = 11.2 m/s 


The direction angle 6, of vg/, measured from the x axis, Fig. a is 


8.618 
= tan! = 50.3° 
Ge> wan Ga 
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*12-216. Car A travels along a straight road at a speed of 
25 m/s while accelerating at 1.5 m/s”. At this same instant 
car C is traveling along the straight road with a speed of 
30 m/s while decelerating at 3 m/s”. Determine the velocity 
and acceleration of car A relative to car C. 


Velocity: The velocity of cars A and B expressed in Cartesian vector form are 
v4 = [—25 cos 45°i — 25 sin 45°j] m/s = [—17.68i — 17.68j] m/s 
Vo = [—30j] m/s 

Applying the relative velocity equation, we have 


VA = Vo ch VaA/C 


17.681 — 17.68] 30j + Vayc 
vajc = [-17.68i + 12.32j] m/s 


Thus, the magnitude of v4/c is given by 


vac = V(-17.68) + 12.32? = 21.5 m/s 


and the direction angle 6, that v4/c makes with the x axis is 


12.32 
0, tan-*( =) 34.9° SY Ans. 


17.68 


Acceleration: The acceleration of cars A and B expressed in Cartesian vector form are 
ay = [—1.5 cos 45°i — 1.5 sin 45°j] m/s? = [—1.061i — 1.061j] m/s” 
ac = [3j]m/s” 

Applying the relative acceleration equation, 


a, = ac ae ay/c 


1.061i — 1.061j = 3j + aajc 


ajc = [—1.061i — 4.061j] m/s 


Thus, the magnitude of ay,c is given by 


aac = V(-1.061)? + (4.061)? = 4.20 m/s 


and the direction angle 6, that a,c makes with the x axis is 


4.061 
6, = tani(4 a) = 75.4° 
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012-217. Car B is traveling along the curved road with a 
speed of 15 m/s while decreasing its speed at 2 m/s”. At this 
same instant car C is traveling along the straight road with a 
speed of 30 m/s while decelerating at 3 m/s’. Determine the 
velocity and acceleration of car B relative to car C. 


Velocity: The velocity of cars B and C expressed in Cartesian vector form are 
vz = [15 cos 60° i — 15 sin 60° j] m/s = [7.5i — 12.99j] m/s 
Yo = [~30j] m/s 

Applying the relative velocity equation, 


Vp = Vc a VB/C 


7.51 — 12.99§ = —30j + vac 
vac = [7.5i + 17.01j] m/s 


Thus, the magnitude of vg/c is given by 


Vac = V7.5? + 17.01? = 18.6 m/s 


and the direction angle 6, that vg;c makes with the x axis is 


6, = tan-i( 72) 66.2° 


vps) 


: ‘ : vB 
cceleration: e normal component of car B’s acceleration is (ag), = —— 
Accelerat' Th 1 t of B lerat B)n 
ve) 


1 2 
-=. = 2.25 m/s’. Thus, the tangential and normal components of car B’s 


acceleration and the acceleration of car C expressed in Cartesian vector form are 
(ag), = [—2 cos 60° i + 2 sin 60°j] = [—1i + 1.732j] m/s? 
(ag), = [2.25 cos 30° i + 2.25 sin 30° j] = [1.94861 + 1.125j] m/s” 
ac = [3j] m/s* 
Applying the relative acceleration equation, 
ag = ac + agic 
(li + 1.732j) + (1.94865 + 1.125j) = 3j + aac 
agic = [0.94861 — 0.1429] m/s* 


Thus, the magnitude of ag/c is given by 


ajc = V0.9486? + (—0.1429)? = 0.959 m/s? 


and the direction angle 6, that ag,c makes with the x axis is 


0.1429 
= -1 = ° 
6, = tan (sa) 8.57 
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12-218. The ship travels at a constant speed of v, = 20 m/s 
and the wind is blowing at a speed of v,, = 10 m/s, as shown. 
Determine the magnitude and direction of the horizontal 
component of velocity of the smoke coming from the smoke 
stack as it appears to a passenger on the ship. 


Solution I 


Vector Analysis: The velocity of the smoke as observed from the ship is equal to the 
velocity of the wind relative to the ship. Here, the velocity of the ship and wind 
expressed in Cartesian vector form are v, = [20 cos 45°i + 20 sin 45° j] m/s 
= [14.141 + 14.14j] m/s and v, = [10 cos 30°i — 10 sin 30° j]= [8.6601 — 5j] m/s. 
Applying the relative velocity equation, 


Vie Vee Vwv/s 


8.6601 — Sj = 14.141 + 14.14j + v,,,, 
Viv/s = [—5.482i — 19.14j] m/s 


Thus, the magnitude of v,,,, is given by 


vy = V(—5.482)? + (—19.14)? = 19.9m/s 


and the direction angle 6 that v,,,, makes with the x axis is 


19.14 
g= tan”*( ) = 74.0° 


5.482 


Solution II 


Scalar Analysis: Applying the law of cosines by referring to the velocity diagram 
shown in Fig. a, 


Vis = 20? + 10% — 2(20)(10) cos 75° 
19.91 m/s = 19.9 m/s 


Using the result of v,,,, and applying the law of sines, 


sing _ sin 75° 


= 29.02° 
10 19.91 ig z 


0 = 45° + & = 74.0° 
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12-219. The car is traveling at a constant speed of 100 km/h. 
If the rain is falling at 6 m/s in the direction shown, determine 


the velocity of the rain as seen by the driver. 
Vc = 100 km/h 


Solution I 

i F _ km \/ 1000 m 1th 
Vector Analysis: The speed of the car is v, (100 i )( (ica \G 600 -) 
= 27.78 m/s.The velocity of the car and the rain expressed in Cartesian vector form 
are v, = [—27.78i]m/s and_ v, = [6sin 30° — 6 cos 30°j] = [3i — 5.196j] m/s. 
Applying the relative velocity equation, we have 


VeVi Vi/c 


3i — 5.196j = —27.78i + v,/c 


V-/c = [30.781 — 5.196j] m/s 


Thus, the magnitude of v,,. is given by 


Vile = V30.78" + (—5.196)? = 31.2m/s 


and the angle x,;, makes with the x axis is 


0= tan-1( $308) = 958° 


30.78 


Solution II 


Scalar Analysis: Referring to the velocity diagram shown in Fig. a and applying the 

law of cosines, 

V,=27-76m/s_, 
120 


Vpje = V27.18" + 6 — 2(27.78)(6) cos 120° 


=Gm 
= 19.91 m/s = 19.9 m/s Ur=6mI/s. 


Using the result of v,,, and applying the law of sines, 


sin@ _ sin 120° 


6 31.21 


0 = 9.58° 
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*12-220. The man can row the boat in still water with a 
speed of 5 m/s. If the river is flowing at 2 m/s, determine 
the speed of the boat and the angle 6 he must direct the 
boat so that it travels from A to B. 


Solution I 


Vector Analysis: Here, the velocity v, of the boat is directed from A to B. Thus, 


50 
d= tan1( 32) = 63.43°. The magnitude of the boat’s velocity relative to the 


flowing river is vp, = 5 m/s. Expressing vy, v,,, and v;,, in Cartesian vector form, 
we have v, = v, cos 63.43i + v, sin 63.43j = 0.4472v,i + 0.8944y,j, v,, = [2i] m/s, 
and vpj, = 5 cos Oi + 5 sin 6j. Applying the relative velocity equation, we have 


Via Vee Vb/w 


0.4472v,i + 0.8944v,j = 2i + 5 cos Oi + 5 sin Oj 


0.4472v,i + 0.8944v, j = (2 + 5cos 6)i + 5 sin 6j 


Equating the i and j components, we have 
0.4472v, = 2 + S5cosé 
0.8944v, = 5 sin @ 

Solving Egs. (1) and (2) yields 


vp = 5.56 m/s 


Solution II 


Scalar Analysis: Referring to the velocity diagram shown in Fig. a and applying the 
law of cosines, 


5? = 2? + v7 — 2(2)(v,) cos 63.43° 


vp — 1.789, — 21 =0 


(-1.789) + V (-1.789)? — 4(1)(—21) 
2(1) 


Vp = 


Choosing the positive root, 


vp = 5.563 m/s = 5.56 m/s 


Using the result of vy, and applying the law of sines, 


sin 180° — 6 _ sin 63.43° 
5.563 5 
0 = 84.4° 
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¢12-221. At the instant shown, cars A and B travel at speeds 
of 30 mi/h and 20 mi/h, respectively. If B is increasing its 
speed by 1200 mi/h’, while A maintains a constant speed, 30° 


determine the velocity and acceleration of B with respect to A. B ne 
2 mi 


vp = 20 a 


A 
v4 = 30 mi/h<— Gap 


Vea =Vat VB/A 
20 30° 

= 30 + (Vgja)x + (aja)y 

2 ses ' 

(5)  -20 sin 30° = -30 + (vgya)x 
(+1) — 20.cos 30° = (vgya)y 
Solving 
(Veya)x = 20> 
(vgya)y = 17.32 T 


Vaya = V (20)? + (17.32)° = 26.5 mi/h 


0= Poles (es = 40.9° 20 
20 


= CN: = 1333.3 
(4B)n = 03 ~~ : 


ap =aygt aB/A 
1200 30° 
1333.3 
aE i =O+ (agya)x a (ap/a)y 
: ‘A f 
(+) — -1200 sin 30° + 1333.3 cos 30° = (ag/4)x 


(+1) 1200 cos 30° + 1333.3 sin 30° = (apy), 


Solving 


(apya)x = 554.7 5 (apya)y = 1705.9 7 


apa = V (554.7) + 1705.9) = 1.79(10°) mi/h? 


1705.9 
554.7 


6 = tan ) = 72.0° 0 


169 


91962_01_s12-p0001-0176 6/8/09 9:29 AM Page 170 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


12-222. At the instant shown, cars A and B travel at 

speeds of 30m/hand20mi/h, respectively. If A is 

increasing its speed at 400 mi/h? whereas the speed of B is 30° 
decreasing at 800mi/h?, determine the velocity and _ 


acceleration of B with respect to A. Coe 


Vp = 20 aa 


A 
v4 = 30 mi/h<—egp 


Vp =Vat VB/A 


20 30° 
Y= 304 (Vaia)x + (Vaia)y 
ee dis ; 


(4S) 20 sin 30° = -30 + (vpya)x 
(+1) — 20.cos 30° = (vgya)y 

Solving 

(Vpja)x = 20> 

(vgya)y = 17.32 T 


Vaya = V (20)? + (17.32)° = 26.5 mi/h 
17.32 
= tan '(——~) = 40.9° +e 
6 = tan’ “( 20 ) 


apta,t AaBlA 


2 
li = 1333.3] + [800] = [400] + [(agya)x] + [(4aya)yl 
: 30°N = > t 


(4) 1333.3 cos 30° + 800 sin 30° = —400 + (agya)x 
(apa) x = 1954.7 > 
(+1) 1333.3 sin 30° — 800 cos 30° = (agya)y 


(agya)y = —26.154 = 26.154 | 


(aya) = V (1954.7)? + (26.154) 
py = 1955 mi/h? 


26.154 
1954.7 


= tan 1( ) = 0.767° “Ge 
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12-223. Two boats leave the shore at the same time and travel 
in the directions shown. If v4 = 20ft/s and vg = 15ft/s, 
determine the velocity of boat A with respect to boat B. How 
long after leaving the shore will the boats be 800 ft apart? 


Va = Vet Vays 
—20 sin 30° + 20 cos 30°j = 15 cos 45° + 15 sin 45°j + vajp 
Vaje = {—20.61i + 6.714)} ft/s 


vajp = V(—20.61)? + (+6.714)? = 21.7 ft/s 
6.714 
20.61 
(800)? = (201)? + (15 4)? — 2(20 1)(15 £) cos 75° 


6 = tan !( = 18.0° S 


t = 36.9s 


Also 


800 800 
p= oe = 36 
Vajp 21.68 ae 


*12-224, At the instant shown, cars A and B travel at speeds 
of 70 mi/h and 50 mi/h, respectively. If B is increasing its speed 
by 1100 mi/h’, while A maintains a constant speed, determine 
the velocity and acceleration of B with respect to A. Car B 
moves along a curve having a radius of curvature of 0.7 mi. 


v4 = 70 mi/h 


Relative Velocity: 
Vp =Vat VB/A 
50 sin 30°% + 50 cos 30°§ = 70j + va/a 


Vp/a = {25.01 — 26.70j} mi/h 


Thus, the magnitude of the relative velocity vz/4 1s 
vpia = V 25.0" + (26.70)? = 36.6 mi/h Ans. 


The direction of the relative velocity is the same as the direction of that for relative 
acceleration. Thus 


_, 26.70 


750 = 46.9° %G Ans. 


6 = tan 


Relative Acceleration: Since car B is traveling along a curve, its normal 
acceleration is (ag), = : = ue = 3571.43 mi/h”. Applying Eq. 12-35 gives 
ag = ay + apy, 
(1100 sin 30° + 3571.43 cos 30°)i + (1100 cos 30° — 3571.43 sin 30°)j = 0 + aga 
apy, = {3642.95i — 833.09j} mi/h* 


Thus, the magnitude of the relative velocity ag,, 1s 


apa = V3642.95° + (—833.09) = 3737 mi/h? 


And its direction is 


833.09 
= tan! = 12.9° 
= tan’ 3642.95 ate 
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012-225. At the instant shown, cars A and B travel at 

speeds of 70 mi/h and 50 mi/h, respectively. If B is 

decreasing its speed at 1400 mi/h’ while A is increasing its 

speed at 800 mi/h’, determine the acceleration of B with 

respect to A. Car B moves along a curve having a radius of 

curvature of 0.7 mi. oa H 
v, = 70 mi/h | 


Relative Acceleration: Since car B is traveling along a curve, its normal acceleration 
2 2 
50 
= “2 = > = 3571.43 mi/h’. Applying Eq. 12-35 gives 
p 


30° 
0.7 
ag = a, t apa 
(3571.43 cos 30° — 1400 sin 30°) + (—1400 cos 30° — 3571.43 sin 30°)j = 800j + ag/4 


apa = {2392.95i — 3798.15j} mi/h? 


Thus, the magnitude of the relative acc. ag/, is 


apja = 2392.95" + (—3798.15)? = 4489 mi/h? 
And its direction is 


_, 3798.15 
2392.95 


= 57.8° SG 


12-226. An aircraft carrier is traveling forward with a 
velocity of 50 km/h. At the instant shown, the plane at A 
has just taken off and has attained a forward horizontal air 
speed of 200 km/h, measured from still water. If the plane 
at B is traveling along the runway of the carrier at 
175 km/h in the direction shown, determine the velocity of 
A with respect to B. 


VB = Veo + Vac 

Vv 3 = 50i + 175 cos 15°X + 175 sin 15°j = 219.044 + 45.293; 

Va = Vet VA/B 

2001 = 219.041 + 45.293) + (vayp)xi + (Vaya) yi 

200 = 219.04 + (vap)s 

0 = 45.293 + (Vaip)y 19,4 kimy, 

(v4/)x = —19.04 \/ 

(vayp)y = 45.293 40,293 komyy 


vajp = V(—19.04)? + (45.293)? = 49.1 km/h 


ee (5283 
19.04 


) = 67.2° 
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12-227. A car is traveling north along a straight road at 
50 km/h. An instrument in the car indicates that the wind is 
directed towards the east. If the car’s speed is 80 km/h, the 
instrument indicates that the wind is directed towards the 
north-east. Determine the speed and direction of the wind. 


Solution I 


Vector Analysis: For the first case, the velocity of the car and the velocity of the wind 
relative to the car expressed in Cartesian vector form are v, = [50j] km/h and 
Vwic = (vwc)1 i. Applying the relative velocity equation, we have 


Vi Vi Vw/e 
vw = 50j + (wy) i 
Vw = Wweai + 50j (1) 


For the second case, vc = [80j] km/h and vywyjc = (Vwc)2 cos 45°F + (vyc)2 sin 45° j. 
Applying the relative velocity equation, we have 


Vw = Ve + Vw/c 

Vy = 80j + (Vyjc)2 COS 45° + (Vyyye)2 Sin 45° j 

Vv = (Ywjc)2 C08 45° i + [80 + (Vy/c)2 Sin 45° jj 
Equating Eqs. (1) and (2) and then the i and j components, 

(Ywjc)1 = (w/e)2 Cos 45° 

50 = 80 + (Vy/c)2 sin 45° 
Solving Egs. (3) and (4) yields 

(Vije)2 = —42.43 km/h (Ve = —30 km/h 
Substituting the result of (v,,/.); into Eq. (1), 

Vy = [-30i + 50j] km/h 


Thus, the magnitude of vy is 


vy = V(-30) + 50? = 58.3 km/h 


and the directional angle 6 that vy makes with the x axis is 


50 
6 = tan! (2) = 59.0° 
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*12-228. At the instant shown car A is traveling with a 
velocity of 30 m/s and has an acceleration of 2 m/s along 
the highway. At the same instant B is traveling on the 
trumpet interchange curve with a speed of 15 m/s, which is 
decreasing at 0.8 m/s”. Determine the relative velocity and 
relative acceleration of B with respect to A at this instant. 


Ve = Vat Veja 

15 cos 60° + 15 sin 60°j = 301 + (vaja)xd + (Veya)y J 
15 cos 60° = 30 + (vaya) 

15 sin 60° = 0 + (Veya)y 


(vgya)x = —22.5 = 22.5 m/s— 


(vgya)y = 12.99 m/s T 


Vaya = V (22.5)’ + (12.99) = 26.0 m/s 


—0.8 cos 60°I — 0.8 sin 60°j + 0.9 sin 60° — 0.9 cos 60°F = 25 + (ap/4)xi + (Gp/a)yj 
—0.8 cos 60° + 0.9 sin 60° = 2 + (apy,)x 
—0.8 sin 60° — 0.9 cos 60° = (agy4)y 

—— a3 2 
(aga)x = —1.6206 ft/s” = 1.6206 m/s“ <— 1. 6206 Ome 
(apya)y = —1.1428 ft/s? = 1.1428 m/s” | 


apa = V (1.6206)? + (1.1428)? = 1.98 m/s? LEE 


b= ton ( 28 = 35.2° 7 


1.6206 
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¢12-229. Two cyclists A and B travel at the same constant 
speed v. Determine the velocity of A with respect to B if A 
travels along the circular track, while B travels along the 
diameter of the circle. 


V4 = vsin Oi + vcos 6j 
VA/B — VA — YB 


(uv sin Oi + vcos @j) — vi 


= (vsin @ — v)i + vcos Oj 


= V(vsin@ — v)? + (vcos 6 
V2v" — 2v’ sin @ 
vV 2(1 — sin 0) 


12-230. A man walks at 5 km/h in the direction of a 
20-km/h wind. If raindrops fall vertically at 7 km/h in still air, 
determine the direction in which the drops appear to fall with 
respect to the man. Assume the horizontal speed of the 
raindrops is equal to that of the wind. 


Relative Velocity: The velocity of the rain must be determined first. Applying 
Eq. 12-34 gives 


V, = Ww + Vw = 201 + (—7j) = {201 — 7j} km/h 
Thus, the relative velocity of the rain with respect to the man is 


Vv, = Vin + Vr/m 


201 — Tj = Sit Vim 
V,/m = {15i — 7j} km/h 


The magnitude of the relative velocity v,,,, is given by 


Uy/m = V1S? + (—7) = 16.6 km/h 


And its direction is given by 


7 
= tan! — = 25.0° 
0 an 15 “NS 
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12-231. A man can row a boat at 5 m/s in still water. He 
wishes to cross a 50-m-wide river to point B, 50 m 
downstream. If the river flows with a velocity of 2 m/s, 
determine the speed of the boat and the time needed to 
make the crossing. 


Relative Velocity: 


Vp = Vr + Voir 
vp sin 45° — vy cos 45°j = —2j + 5 cos 6i — 5 sin Oj 
Equating i and j component, we have 
vp sin 45° = 5 cos 6 
—v, cos 45° = —2 — 5sind 
Solving Eggs. [1] and [2] yields 
0 = 28.57° 


vp, = 6.210 m/s = 6.21 m/s 


Thus, the time ¢ required by the boat to travel from point A to B is 


V507 + 50? 


= = 414 
6.210 : 
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e13-1. The casting has a mass of 3 Mg. Suspended in a 
vertical position and initially at rest, it is given an upward 
speed of 200 mm/s in 0.3 s using a crane hook H. Determine 
the tension in cables AC and AB during this time interval if 
the acceleration is constant. 


Kinematics: Applying the equation v = up + a.t, we have 


(+1) 0.2=0+4 (03) a = 0.6667 m/s? 


Equations of Motion: 


4S SF, = ma F 4p sin 30 — F 4c sin 30° = 0 


Fag = Fac=F 


+1 IF, ;  2Fcos 30° — 29430 = 3000(0.6667) 


F ap — Fac =F= 18146.1 N = 18.1 kN 


= 
Fac 
30 


Q0 6667 m/s 


3000( 9.81) 
29430N 


13-2. The 160-Mg train travels with a speed of 80 km/h 
when it starts to climb the slope. If the engine exerts a 
traction force F of 1/20 of the weight of the train and the 
rolling resistance Fp is equal to 1/500 of the weight of the 
train, determine the deceleration of the train. 


Free-Body Diagram: The tractive force and rolling resistance indicated on the free- 
1 
body diagram of the train, Fig. (a),are F = (4, )cooa0 0.81 N = 78 480 N and 
1 
Fpo= (<iq Jess anyo.8nN = 3139.2 N, respectively. 


Equations of Motion: Here, the acceleration a of the train will be assumed to be 
directed up the slope. By referring to Fig. (a), 


1 
+7XFy = may; 78 480 — 3139.2 — isoco08(—) = 160(10°)a 


V 101 


a = —0.5057 m/s? Ans. 
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13-3. The 160-Mg train starts from rest and begins to 
climb the slope as shown. If the engine exerts a traction 
force F of 1/8 of the weight of the train, determine the 
speed of the train when it has traveled up the slope a 
distance of 1 km. Neglect rolling resistance. 


Free-Body Diagram: Here, the tractive force indicated on the free-body diagram of 


1 
the train, Fig. (a), is F = 5 (160)(10°)(9.81) N = 196.2(10°) N. 


[0000 VP-BI)N 


; A 
Equations of Motion: Here, the acceleration a of the train will be assumed directed ) 
up the slope. By referring to Fig. (a), x 10 roi 


+7DFy = may; 196.2(10°) — 160(10)9.81)(——) = 160(10)a 


V 101 


a = 0.2501 m/s? 


Kinematics: Using the result of a, 
(+7) v? = v9? + 2a-(s — So) 
v? = 0 + 2(0.2501)(1000 — 0) 


v = 22.4m/s 


*13-4,. The 2-Mg truck is traveling at 15 m/s when the 
brakes on all its wheels are applied, causing it to skid for a 
distance of 10 m before coming to rest. Determine the constant 
horizontal force developed in the coupling C, and the frictional 
force developed between the tires of the truck and the road 
during this time. The total mass of the boat and trailer is 1 Mg. 


; ba one eat QA=//.25 m/s* 
Kinematics: Since the motion of the truck and trailer is known, their common <_— 
1000(9-6]) N 


acceleration a will be determined first. 


(+) Vv? = v9? + 2a(s — 0) 


0 = 15? + 2a(10 — 0) T 


x 


a = —11.25 m/s? = 11.25 m/s?’ <— 


Free-Body Diagram: The free-body diagram of the truck and trailer are shown in 
Figs. (a) and (b), respectively. Here, F representes the frictional force developed 
when the truck skids, while the force developed in coupling C is represented by T. 


y 


Equations of Motion: Using the result of a and referrning to Fig. (a), Az=/ /, 15m /'s* 


Be ds —T = 1000(—11.25) — Z000(F-8I) N 
T = 11250N = 11.25kN 


Using the results of a and T and referring to Fig. (b), 
+ TSF, = ma,; 11 250 — F = 2000(—11.25) 


F = 33 750N = 33.75 kN 
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013-5. If blocks A and B of mass 10 kg and 6 kg, 
respectively, are placed on the inclined plane and released, 
determine the force developed in the link. The coefficients 
of kinetic friction between the blocks and the inclined plane 
are “4 = 0.1 and wz = 0.3. Neglect the mass of the link. 


Free-Body Diagram: Here, the kinetic friction (F/)4 = w4N4 = 0.1N,4 and 
(Fy)p = ue Npg = 0.3Nz are required to act up the plane to oppose the motion of 
the blocks which are down the plane. Since the blocks are connected, they have a 
common acceleration a. 


Equations of Motion: By referring to Figs. (a) and (b), 


+ADFy = ma N — 10(9.81) cos 30° = 10(0) 


y’ 3 
N4 = 84.96N 
N4+DFy = may: 10(9.81) sin 30° — 0.1(84.96) — F = 10a 


40.55 — F = 10a 


and 


+ADFy = ma Nz — 6(9.81) cos 30° = 6(0) 


oe 
Nz = 50.97N 

N43 Fy = may; F + 6(9.81) sin 30° — 0.3(50.97) = 6a 

F +1414 = 6a 


Solving Eqs. (1) and (2) yields 


a = 3.42 m/s* 


F =637N 
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13-6. Motors A and B draw in the cable with the 
accelerations shown. Determine the acceleration of the 
300-lb crate C and the tension developed in the cable. 
Neglect the mass of all the pulleys. 


Kinematics: We can express the length of the cable in terms of sp, sp, and sc by 
referring to Fig. (a). 


Sp+ Sp t+ 2sc=l1 


The second time derivative of the above equation gives 


(+1) ap + ap + 2ac = 0 


Here, ap = 3 ft/s” and ap: = 2 ft/s’. Substituting these values into Eq. (1), 
34+2+ 2ac = 0 
dc = —2.5 ft/s? = 2.5 ft/s T 

Free-Body Diagram: The free-body diagram of the crate is shown in Fig. (b). 


Equations of Motion: Using the result of a; and referring to Fig. (b), 


300 
2T — 300 = ~~ (2.5) 


+TSF, = may; 309 


T = 162 lb 
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13-7. The van is traveling at 20 km/h when the coupling 
of the trailer at A fails. If the trailer has a mass of 250 kg and 
coasts 45 m before coming to rest, determine the constant 
horizontal force F created by rolling friction which causes 
the trailer to stop. 


20(10°) 
3600 


= 5.556 m/s 

uv = up + 2a, (s — 50) 

0 = 5.556? + 2(a)(45 — 0) 

a = —0.3429 m/s? = 0.3429 m/s? > 


SSF, =ma,; — F = 250(0.3429) = 85.7N 


£5009-B))N 


+ 2600-3429) kg. mfs* 
‘fe 
N 
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*13-8. If the 10-lb block A slides down the plane with a 
constant velocity when 6 = 30°, determine the acceleration 
of the block when @ = 45°. 


Free-Body Diagram: The free-body diagrams of the block when 6 = 30° and 
6 = 45° are shown in Figs. (a) and (b), respectively. Here, the kinetic friction 
Fy = wxN and Fp = w,N' are required to act up the plane to oppose the motion of 
the block which is directed down the plane for both cases. 


Equations of Motion: Since the block has constant velocity when 6 = 30°, 
ay = a = 0.Also, a, = 0. By referring to Fig. (a), we can write 


,. 10 
+72F y 4 N — 10 cos 30° = 399 ) 


N = 8.660 lb 


10 


10 sin 30° — p4(8.660) = 355 


(0) 
by = 0.5774 


Using the results of 4, and referring to Fig. (b), 


, >. 10 
+7RF y : N' — 10 cos 45° = 399 ) 


N’ = 7.071 |b 


10 sin 45° — 0.5774(7.071) = a5" 


a = 9.62 ft/s 
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e13-9. Each of the three barges has a mass of 30 Mg, 
whereas the tugboat has a mass of 12 Mg. As the barges are 
being pulled forward with a constant velocity of 4 m/s, the 
tugboat must overcome the frictional resistance of the water, 
which is 2 KN for each barge and 1.5 KN for the tugboat. If the 
cable between A and B breaks, determine the acceleration of 
the tugboat. 


Equations of Motion: When the tugboat and barges are travelling at a constant 
velocity, the driving force F can be determined by applying Eq. 13-7. 


5 YF,=ma,; F-15-2-2=0 F=7.50kN 


If the cable between barge A and B breaks and the driving force F remains the 
same, the acceleration of the tugboat and barge is given by 


AUF, = ma,; (7.50 — 1.5 — 2 — 2) (10°) = (12 000 + 30.000 + 3000)a 


a = 0.0278 m/s” Ans. 


13-10. The crate has a mass of 80 kg and is being towed by 
a chain which is always directed at 20° from the horizontal 
as shown. If the magnitude of P is increased until the crate 
begins to slide, determine the crate’s initial acceleration if 
the coefficient of static friction is m,=0.5 and the 
coefficient of kinetic friction is u,=0.3. 


Equations of Equilibrium: If the crate is on the verge of slipping, Fy = ws N = 0.5N. “ YN 
From FBD(a), 20(98Y) 


+T=F,=0; N+ Psin 20° — 80(9.81) = 0 (1) 
4S 3F,=0; Pcos20°-05N =0 (2) 
Solving Eqs.(1) and (2) yields 

P = 353.29N N = 663.97N 


Equations of Motion: The friction force developed between the crate and its 
contacting surface is Fy = u,N = 0.3N since the crate is moving. From FBD(b), 


+1 SF, = may; N — 80(9.81) + 353.29 sin 20° = 80(0) G098/)N —» 
N = 663.97N 
=ma,; 353.29 cos 20° — 0.3(663.97) = 80a 


a = 1.66 m/s” 
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13-11. The crate has a mass of 80 kg and is being towed by 
a chain which is always directed at 20° from the horizontal 
as shown. Determine the crate’s acceleration in ¢ = 2s if 
the coefficient of static friction is u,=0.4, the coefficient of 
kinetic friction is m,=0.3, and the towing force is 
P = (9007) N, where fis in seconds. 


Equations of Equilibrium: At ¢ = 2s, P 90(27) 360 N. From FBD(a) 
+TZ=F,=0;  N + 360sin 20° — 809.81)=0 N= 661.67N 


+ SF, = 0; 360 cos 20° — Fp =0 Fy = 338.29N 
Since Fy > (Fp)max = bs N = 0.4(661.67) = 264.67 N, the crate accelerates. 


Equations of Motion: The friction force developed between the crate and its 
contacting surface is Fy = u,N = 0.3N since the crate is moving. From FBD(b), 


+1 SF, = ma N — 80(9.81) + 360 sin 20° = 80(0) 


a 
N = 661.67N 
4.5F,=ma,; 360 cos 20° — 0.3(661.67) = 80a 


a = 1.75 m/s” 


80(9-8) N 8B0(9-8/)N 
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*13-12. Determine the acceleration of the system and the 
tension in each cable. The inclined plane is smooth, and the 
coefficient of kinetic friction between the horizontal surface 
and block Cis (u,)c = 0.2. 


Free-Body Diagram: The free-body diagram of block A, cylinder B, and block C are 

shown in Figs. (a), (b), and (c), respectively. The frictional force 2KG.BUN 
(Frc = (ue)cNc = 0.2Nc must act to the right to oppose the motion of block C ; P 

which is to the left. X\20 


Equations of Motion: Since block A, cylinder B, and block C move together as a 
single unit, they share a common acceleration a. By referring to Figs. (a), (b), and (c), 


SFy = may; T, — 25(9.81) sin 30° = 25(—a) (1) 
and 
+1=F,= may; T, — Tr — 5(9.81) = 5(a) 
and 
+TXF, = may; Nc — 10(9.81) = 10(0) 
Nc = 98.1N 
4S YF, = ma, —T> + 0.2(98.1) = 10(—a) 
Solving Eqs. (1), (2), and (3), yields 
a = 1.349m/s* —- T, = 88.90 N = 88.9N 


T, = 33.11 N = 33.1N 


10(9-80N | —— 


xX 
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¢13-13. The two boxcars A and B have a weight of 20 000 Ib 
and 30 000 Ib, respectively. If they coast freely down the 
incline when the brakes are applied to all the wheels of car A 
causing it to skid, determine the force in the coupling C 
between the two cars. The coefficient of kinetic friction 
between the wheels of A and the tracks is uw, = 0.5. The 
wheels of car B are free to roll. Neglect their mass in the 
calculation. Suggestion: Solve the problem by representing 
single resultant normal forces acting on A and B, respectively. 


Car A: 
NF, = 0; Na, — 20000 cos 5° = Na = 19 923.89 Ib 


20 000 
+7XF, = ma, ; 0.5(19 923.89) — T — 20000 sin 5° = (Bea 


Both cars: 


+7XF, = may; 0.5(19 923.89) — 50.000 sin 5° = ( 


a) 
322 )° 


Solving, 
a = 3.61 ft/s? 


T = 5.98kip 


F=0.5(/9923.691b) 
N= /9923-89 Ib 
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13-14. The 3.5-Mg engine is suspended from a spreader 
beam AB having a negligible mass and is hoisted by a 
crane which gives it an acceleration of 4 m/s” when it has 
a velocity of 2 m/s. Determine the force in chains CA and 
CB during the lift. 


System: 


+T IF, > T’ — 3.5(10°)(9.81) = 3.5 (10°) (4) 


T’ = 48.335 kN 


48.335 — 2 T cos 30° = 


T =Tca = Tce = 27.9kN 


{ T= 48.335 kN 


gy 


3:5(10)C9-BI)N 


13-15. The 3.5-Mg engine is suspended from a spreader 
beam having a negligible mass and is hoisted by a crane 
which exerts a force of 40 kN on the hoisting cable. 
Determine the distance the engine is hoisted in 4 s, starting 
from rest. 


System: 


+1 SF, = ma 40 (10°) — 3.5(10°)(9.81) = 3.5(10°)a 


ys 


a = 1.619 m/s” 


+1 (alt soa ge ge 
(+1) 5 


1 
s=0+0+ 5 (1.619)(4)* = 12.9m 


3-5(10°Y9.BI)N 
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*13-16. The man pushes on the 60-1b crate with a force F. 
The force is always directed down at 30° from the 
horizontal as shown, and its magnitude is increased until the 
crate begins to slide. Determine the crate’s initial 
acceleration if the coefficient of static friction is u, = 0.6 
and the coefficient of kinetic friction is uw, = 0.3. 


Force to produce motion: 
SYF,=0;  Fcos30° — 0.6N = 0 
+1=F,=0; N-—60- Fsin30° =0 

N = 91.80 Ib F = 63.60 lb 


Since N = 91.80 lb, 
60 
4YF,=ma,; 63.60 cos30° — 0.3(91.80) = aa )e 


a = 148 ft/s? 


Go |b 


iF =0:3(9/-Bolb) 


N=9W-80 Ib 
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013-17. A force of F = 15 lb is applied to the cord. 
Determine how high the 30-lb block A rises in 2 s starting 
from rest. Neglect the weight of the pulleys and cord. 


a, = 32.2 ft/s? 


1 2 
= So + vot + 57 acl 


1 
ie an Baa (32.2)(2)" 


s = 644 ft 


15ib  ‘ISIb 30lb 30lb 
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13-18. Determine the constant force F which must be 
applied to the cord in order to cause the 30-lb block A to 
have a speed of 12 ft/s when it has been displaced 3 ft 
upward starting from rest. Neglect the weight of the pulleys 
and cord. 


(+1) uv = vp + 2a, (s — 50) 


(12)* = 0 + 2(a)(3) 


a = 24 ft/s? 


Tas = may; 


F = 13.1 1b 
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13-19. The 800-kg car at B is connected to the 350-kg car 
at A by a spring coupling. Determine the stretch in the 
spring if (a) the wheels of both cars are free to roll and 
(b) the brakes are applied to all four wheels of 
car B, causing the wheels to skid. Take (u,)g = 0.4. Neglect 
the mass of the wheels. 


a) Equations of Motion: Applying Eq. 13-7 to FBD(a), we have 
\4+ 3D Fy = may; (800 + 350)(9.81) sin 53.13° = (800 + 350)a 
a = 7.848 m/s” 


For FBD(b), 


G009-B)N Na 
N+ Fy = may; — 350(9.81) sin $3.13° + F,, = 350(7.848) 


hea) 350098) N 


The stretch of spring is given by 


Ans. 


b) Equations of Motion: The friction force developed between the wheels of car B 
and the inclined plane is (Fy)g = (ux)s Ng = 0.4N zg. For car B only [FBD(c)], 


+7ZFy = ma Nz — 800(9.81) cos 53.13° = 800(0) 


os 
Nz = 4708.8 N 

For the whole system (FBD(c)], 

\4 DF y = may; (800 + 350)(9.81) sin 53.13° — 0.4(4708.8) = (800 + 350)a 

a = 6.210 m/s” 


For FBD(b), 


\4+ SFy = ma 350(9.81) sin 53.13° — F,, = 350 (6.210) 


Bae 


Fy = 573.25N 800(9-81) N 


The stretch of spring is given by 


Fp 573.25 


x= 
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*13-20. The 10-lb block A travels to the right at 
v, = 2 ft/s at the instant shown. If the coefficient of kinetic 
friction is 4, = 0.2 between the surface and A, determine 
the velocity of A when it has moved 4 ft. Block B has a 
weight of 20 Ib. 


Block A: 
& DF, = ma,; 
Weight B: 

+l=F, = may; 


yo 


Kinematics: 


Solving Eqs. (1)-(3): 

a, = —17.173 ft/s* ag = 8.587 ft/s?’ T = 7.33 Ib 
v= up + 2a, (s — 50) 

v? = (2)° + 2(17.173)(4 — 0) 


v = 11.9 ft/s 


/0 Ib a4 


N=/0 Ib 
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13-21. Block B has a mass m and is released from rest 
when it is on top of cart A, which has a mass of 3m. 
Determine the tension in cord CD needed to hold the cart 
from moving while B slides down A. Neglect friction. 


Block B: 


+NIFy ; Nz — mgcosé = 0 


Np = mg cos @é 


—T + Ngsin@é = 0 


T = mg sin 0 cos @ 


m 
T= (7)sin 20 


13-22. Block B has a mass m and is released from rest 
when it is on top of cart A, which has a mass of 3m. 
Determine the tension in cord CD needed to hold the cart 
from moving while B slides down A. The coefficient of 
kinetic friction between A and B is py. 


Block B: 


+NIFy = ; Nz -— mgcosé = 0 


Np = mg cos 6 


—T + Ngsiné — p, Ngcosé = 0 


T = mg cos O(sin 86 — px cos 4) 


ni Fe 4Ne 
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13-23. The 2-kg shaft CA passes through a smooth journal 
bearing at B. Initially, the springs, which are coiled loosely 
around the shaft, are unstretched when no force is applied 
to the shaft. In this position s = s’ = 250 mm and the shaft 
is at rest. If a horizontal force of F = 5KN is applied, 
determine the speed of the shaft at the instant s = 50 mm, kcp =3kN/m kag =2kN/m 
s’ = 450 mm. The ends of the springs are attached to the 
bearing at B and the caps at C and A. 


Fos = Kcpx = 3000x F ap = K apx = 2000x 


&SF,=ma,; 5000 — 3000x — 2000x = 2a 


2500 — 2500x = a 


adx — vdv 


0.2 


(2500 — 2500x) dx = i vdv 
0 0 


2500(0.2)" v 
2 ee: 


2500(0.2) ( 


v = 30m/s 
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*13-24. If the force of the motor M on the cable is 
shown in the graph, determine the velocity of the cart 
when t = 3s. The load and cart have a mass of 200 kg and 
the car starts from rest. 


Free-Body Diagram: The free-body diagram of the rail car is shown in Fig. (a). 


450 
Equations of Motion: For 0 = t < 3s,F = Sige = (150r) N. By referring to Fig. (a), 
we can write 


+7AXFy = may ; 3(150f) — 200(9.81) sin 30° = 200a 
a = (2.25t — 4.905) m/s” 

For t > 3s, F = 450 N. Thus, 

+7XFy = may; 3(450) — 200(9.81) sin 30° = 200a 
a = 1.845 m/s” 


Equilibrium: For the rail car to move, force 3F must overcome the weight 
component of the rail crate. Thus, the time required to move the rail car is given by 


SF, = 0; 3(150r) — 200(9.81) sin30°=0 f£= 218s 


Kinematics: The velocity of the rail car can be obtained by integrating the kinematic 
equation, dv = adt. For 2.18s =t < 3s, v = 0 at t = 2.18s will be used as the 
integration limit. Thus, 


(+1) [au- pea 


v t 
i dv = | (2.25t — 4.905)dt 
0 2.18s 
t 


v = (1.125? — 4.9052) 


2.18 s 
= (1.1250? — 4.9051 + 5.34645)m/s 


When t = 3s, 


v = 1.125(3) — 4.905(3) + 5.34645 = 0.756m/s 


/ 
xX 


a 
ZO 2009-81) N 


30 
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013-25. If the motor draws in the cable with an 
acceleration of 3m/s*, determine the reactions at the 
supports A and B.The beam has a uniform mass of 30 kg/m, 
and the crate has a mass of 200 kg. Neglect the mass of the 
motor and pulleys. 


+NDF, = ma; 3 mg sin @ = ma, a = g sind 


udu = a,ds = gsin6ds However dy = ds sin 0 


13-26. A freight elevator, including its load, has a mass of 
500 kg. It is prevented from rotating by the track and wheels 
mounted along its sides. When ¢ = 2s, the motor M draws in 
the cable with a speed of 6 m/s, measured relative to the 
elevator. If it starts from rest, determine the constant 
acceleration of the elevator and the tension in the cable. 
Neglect the mass of the pulleys, motor, and cables. 


3s—p + sp=l 


3uUE = —Up 
(+1) Up = 
—3ur = r 6 


UE = ° = -1.5m/s = 1.5 m/s T 


= up + dct 
1.5 = 0 + ag (2) 
ag = 0.75 m/s” t 
4T — 500(9.81) = 500(0.75) 


T = 1320N = 1.32 kN 


500(9.61) N 
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13-27. Determine the required mass of block A so that 
when it is released from rest it moves the 5-kg block B a 
distance of 0.75 m up along the smooth inclined plane in 
t = 2 s. Neglect the mass of the pulleys and cords. 


1 
Kinematic: Applying equation s = sy + vot + Phas (°, we have 


1 
(\+) 0.75=0+0+4 545 (2?) ag = 0.375 m/s 


Establishing the position - coordinate equation, we have 
254 + (S4 — Sg) =l 354 — Sp=l 
Taking time derivative twice yields 
3a, — dp = 0 
From Eq.(1), 


3a4 — 0.375 =0 a, = 0.125 m/s” 


Equation of Motion: The tension T developed in the cord is the same throughout 
the entire cord since the cord passes over the smooth pulleys. From FBD(b), 


\+2Fy = may; — T — 5(9.81) sin 60° = 5(0.375) 


T = 44.35N 


From FBD(a), 


+1XF, = ma 3(44.35) — 9.81m,4 = m,(—0.125) EGEINN 


y5 


ma, = 13.7kg 
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*13-28. Blocks A and B have a mass of m, and mg, where 
my, > mg. If pulley C is given an acceleration of ag, determine 
the acceleration of the blocks. Neglect the mass of the pulley. 


Free-Body Diagram: The free-body diagram of blocks A and B are shown in 
Figs, (a) and (b), respectively. Here, a, and ap, are assumed to be directed 
upwards. Since pulley C is smooth, the tension in the cord remains constant for 
the entire cord. 


Equations of Motion: By referring to Figs. (a) and (b), 


+T =F, = may; T-m,yg=maa, 


and 


SF, ma, ; 


y> T — mg g = mg ap 


Eliminating T from Eqs. (1) and (2) yields 


(m4 — mg)g = Mgag — Mga, (3) 
Kinematics: The acceleration of blocks A and B relative to pulley C will be of the 
same magnitude, ie., aac = apic = Gre. If we assume that a,c is directed 
downwards, ap, must also be directed downwards to be consistent. Applying the 
relative acceleration equation, 
(+1) ay = ac + agic 

a4 = Ag ~ Ael 
and 
(+1) ap = ac + agic 

aR = do ~ Gel 
Eliminating a,,, from Eqs.(4) and (5), 


a, + ag = 2a9 


Solving Eqs. (3) and (6), yields 


_ 2mg ag — (ma — mg)g 1 
ma T MB 


aa 


_ 2myag + (M4 — mpg) 1 
maT Mpg 


ag 
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e13-29. The tractor is used to lift the 150-kg load B with 
the 24-m-long rope, boom, and pulley system. If the tractor 
travels to the right at a constant speed of 4 m/s, determine 
the tension in the rope when sy = 5m. When sy, = 0, 
Sp = 0. 


Vs%, + (12)? = 24 
' 144)"*( sia) =0 


+ 144) (sain) + (5% + 144) (53) + (9% + 144)? (sain) =0 


574574 x4 + SAS 4 


(s+ 144) (s4 + 144) 


(ey? (47 +0 
(5)? + 144)? (5)? + 144)? 


= 1.0487 m/s” 


+T2=F, = ma T — 150(9.81) = 150(1.0487) 


T = 1.63kN . 150(9-BI)N 


y 5 


13-30. The tractor is used to lift the 150-kg load B with the 
24-m-long rope, boom, and pulley system. If the tractor 
travels to the right with an acceleration of 3 m/s” and has a 
velocity of 4 m/s at the instant s, = 5m, determine the 
tension in the rope at this instant. When sy = 0,5, = 0. 


Vs% + (12)? = 24 


1 
=k (s+ 144)°2 (25084) =0 


Sg — (5% + 144)? (sata) + (54 + 144) (54) + (sy + 144)°2 


94 54 3% + SASA 


(sy +144)? (5% + 144)2 


(5)°(4)° (4) + (5)(3) 
(5)? + 1442 (5)? + 144)? 


= 2.2025 m/s” 


+T2F,=ma,; — T — 150(9.81) = 150(2.2025) 


T = 1.80 kN . 150(9-B))N 
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13-31. The 75-kg man climbs up the rope with an 
acceleration of 0.25m/s*, measured relative to the rope. 
Determine the tension in the rope and the acceleration of 
the 80-kg block. 


Free-Body Diagram: The free-body diagram of the man and block A are shown in 
Figs. (a) and (b), respectively. Here, the acceleration of the man a,, and the block a, 
are assumed to be directed upwards. 


Equations of Motion: By referring to Figs. (a) and (b), 


lar, =ma,; 


yi oT — 759.81) = 75a, 


and 


+TXF, = may; T — 80(9.81) = 80a, (2) i 


Kinematics: Here, the rope has an acceleration with a magnitude equal to that of 
block A, 1.e., a, = a, and is directed downward. Applying the relative acceleration 


equation, | 
Am 


(+1) ay = a, + Any 


Am = —a, + 0.25 


Solving Eqs. (1), (2), and (3) yields 
a4 = —0.19548 m/s” = 0.195 m/s” 1 


T = 769.16 N = 769N 


dm = 0.4455 m/s? | 7598)) N 
(a) 


+ 
% 

Op 
60(9-8)) N 


(6) 
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*13-32. Motor M draws in the cable with an acceleration 
of 4ft/s’, measured relative to the 200-lb mine car. 
Determine the acceleration of the car and the tension in the 
cable. Neglect the mass of the pulleys. 


Free-Body Diagram: The free-body diagram of the mine car is shown in Fig. (a). 
Here, its acceleration a; is assumed to be directed down the inclined plane so that it 
is consistent with the position coordinate s_ of the mine car as indicated on Fig. (b). 


Equations of Motion: By referring to Fig. (a), 


200 
+7~DFy = may; 37 — 200 sin 30° = 5 (-ac) (1) 


Kinematics: We can express the length of the cable in terms of s, and s, by referring 
to Fig. (b). 


Sp + 2sc = 0 

The second derivative of the above equation gives 
ap + 2ac = 0 

Applying the relative acceleration equation, 


ap = ac T apjc 


adp=ac+4 
Solving Eqs. (1), (2), and (3) yields 
ac = —1.333 ft/s? = 1.33 ft/s? 
T = 36.1 1b 


ap = 2.667 ft/s? 
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e13-33. The 2-Ib collar C fits loosely on the smooth shaft. 
If the spring is unstretched when s = 0 and the collar is 
given a velocity of 15 ft/s, determine the velocity of the 
collar when s = 1 ft. 


k =4 lb/ft 


45 YF, = ma,; 


al v 
4s ds i 

= 4s ds = 
[ ( Vict 5) 15 


v = 14.6 ft/s 
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13-34. In the cathode-ray tube, electrons having a mass m 
are emitted from a source point S$ and begin to travel 
horizontally with an initial velocity vo. While passing 
between the grid plates a distance /, they are subjected to a 
vertical force having a magnitude eV/w, where e is the 
charge of an electron, V the applied voltage acting across 
the plates, and w the distance between the plates. After 
passing clear of the plates, the electrons then travel in 
straight lines and strike the screen at A. Determine the 
deflection d of the electrons in terms of the dimensions of 
the voltage plate and tube. Neglect gravity which causes a 
slight vertical deflection when the electron travels from S to 
the screen, and the slight deflection between the plates. 


t, is the tune to reach screen. 


ev 
Ww 


+T3F, = ma,; 


y? 


During time f,, a, = 


0 
4 L 
d = Vy ty = ( e )( 
MWUVo 7) 
Gus eVLI 


ve wm 
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13-35. The 2-kg collar C is free to slide along the 
smooth shaft AB. Determine the acceleration of collar C 
if (a) the shaft is fixed from moving, (b) collar A, which is 
fixed to shaft AB, moves to the left at constant velocity 
along the horizontal guide, and (c) collar A is subjected to 
an acceleration of 2 m/s” to the left. In all cases, the 
motion occurs in the vertical plane. 


a, b) Equation of Motion: Applying Eq. 13-7 to FBD(a), we have 
N+ Fy = may; 2(9.81) sin 45° = 2a¢ 
ac = 6.94m/" 5 
c) Equation of Motion: Applying Eq. 13-7 to FBD(b), we have 
N+l Fy = may; 2(9.81) sin 45° = 2ac¢;4 + 2(—2 cos 45°) 
acja = 8.351 m/s 
Relative Acceleration: 
4 ac =aygt ac/A 


LGB) 
—2i + 8.351 cos 45° — 8.351 sin 45°j 


{3.9051 — 5.905j} m/s” a2 m/s*| 


| 


Thus, the magnitude of the acceleration a, is 


ac = V3.9052 + (—5.905)? = 7.08 m/s? 


and its directional angle is 


5.905 
0= ae = 565° 


*13-36. Blocks A and B each have a mass m. Determine 
the largest horizontal force P which can be applied to B so 
that A will not move relative to B. All surfaces are smooth. 


Require 
aa = ap=a 
Block A: 
+T=F, = 0; N cos@ — mg = 0 
<£ YF, = ma,; N sin 6 = ma 
a= gtané 
Block B: 
+ YF, = ma, P— Nsin6@ = ma 
P — mg tan @ = mg tané 


P = 2mg tané 
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e13-37. Blocks A and B each have a mass m. Determine 
the largest horizontal force P which can be applied to B so 
that A will not slip on B. The coefficient of static friction 
between A and B is w,. Neglect any friction between B and C. 


Require 

a4 =azp=a 

Block A: 

+T=F, = 0; N cos @ — p,N sind — mg = 0 
& =F, = ma,; N sin 6 + p,N cosé = ma 


= IES: 


cos@ — pw, sin @ 


(= + pd 
oe cos 6 — ps sin @ 


Block B: 


& YF, = ma; P—wyp,Ncosé@— Nsin@ = ma 


(=" + ps COS 5) (=" + ps COS 5) 
P— mg = mg 


cos 8 — p, sin @ cos 8 — p,sin @ 


sin 0 + ps cos *) 


P= 2me( 2 
cos 6 — pL, sin 8 
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13-38. Ifa force F = 200N is applied to the 30-kg cart, 
show that the 20-kg block A will slide on the cart. Also 
determine the time for block A to move on the cart 1.5 m. 
The coefficients of static and kinetic friction between the 
block and the cart are wp, = 0.3 and py, = 0.25. Both the cart 
and the block start from rest. 


Free-Body Diagram: The free-body diagram of block A and the cart are shown in 
Figs. (a) and (b), respectively. 


Equations of Motion: If block A does not slip, it will move together with the cart 
with a common acceleration, i.e.,a,4 = adc = a. By referring to Figs. (a) and (b), 


+TXF, = ma N — 20(9.81) = 2(0) 


a 
N = 196.2N 

+5 YF, = ma, F, = 20a 

and 

+ YF, = ma,; 200 — Fy = 30a 

Solving Eqs. (1) and (2) yields 

a = 4m/s* F, = 80N 


Since Fy > (Fp)max = MsN = 0.3(196.2) = 58.86, the block A will slide on the 
cart. As such Fy = uxN = 0.25(196.2) = 49.05 N. Again, by referring to Figs. (a) 
and (b), 


SYF,=ma,; 49.05 = 20a, a4 = 2.4525m/s” 


and 


+4 SF, = ma 200 — 49.05 = 30ac ac = 5.0317 m/s 


x? 


Kinematics: The acceleration of block A relative to the cart can be determined by 
applying the relative acceleration equation 


a,=act Aay/c 


(+) 2.4525 = 5.0317 + aajc 


aajc = —2.5792 m/s* = 2.5792 m/s? <— 


Here, s4jc = 1.5m <.Thus, 
1 2 
Sajc = (saclo a (vaclot v 5 Gaict 
1 2 
“ 15=0+0+ 5 (2.5792)¢ 


t= 1.08s 
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13-39. Suppose it is possible to dig a smooth tunnel through 
the earth from a city at A to a city at B as shown. By the 
theory of gravitation, any vehicle C of mass m placed within 
the tunnel would be subjected to a gravitational force which is 
always directed toward the center of the earth D. This force F 
has a magnitude that is directly proportional to its distance r 
from the earth’s center. Hence, if the vehicle has a weight of 
W = mg when it is located on the earth’s surface, then at an 
arbitrary location r the magnitude of force Fis F = (mg/R)r, 
where R = 6328 km, the radius of the earth. If the vehicle is 
released from rest when it is at B, x = s = 2 Mm, determine 
the time needed for it to reach A, and the maximum velocity it 
attains. Neglect the effect of the earth’s rotation in the 
calculation and assume the earth has a constant density. Hint: 
Write the equation of motion in the x direction, noting that r 
cos @= x. Integrate, using the kinematic relation 
v dv = a dx, then integrate the result using v = dx/dt. 


Equation of Motion: Applying Eq. 13-7, we have 


mg 
M42 Fy = may; = ad cos 6 = ma 


Kinematics: Applying equation v dv = adx, we have 


v= AG — x’) () 


Note: The negative sign indicates that the velocity is in the opposite direction to that 
of positive x. 


Applying equation dt = dx/v, we have 


t x 
R dx 
faa f 
es 0 & Js sr — x? 
t ne sin!) 
g\2 Ss 
R - R 
Atx =—s, t= eC sin! *) = Ee 
g\2 s g 


Substituting R = 6328 (10°) mand g = 9.81 m/s” into Eq.(2) yields 


6328(10°) : 
= 7 = 2523.2s = 42.1 min 
9.81 


The maximum velocity occurs at x = 0. From Eq.(1) 


Vmax = | Re 0) = 7 @) 


Substituting R = 6328 (10°) m,s = 2(10°) m, and g = 9.81 m/s? into Eq.(3) yields 


} 9.81 
Ven ( Pe = le (10°) ] = -2490.18 m/s = 2.49 km/s Ans. 
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*13-40. The 30-lb crate is being hoisted upward with a 
constant acceleration of 6 ft/s”. If the uniform beam AB has 
a weight of 200 Ib, determine the components of reaction at 
the fixed support A. Neglect the size and mass of the pulley 
at B. Hint: First find the tension in the cable, then analyze 
the forces in the beam using statics. 


Crate: 


30 


+TSF,=ma; T-30= (3 


Jo T = 35.59 Ib 


Beam: 


+4 SF, = 0; A, + 35.59=0 A, = 35.6lb 


G+T2F,=0; A, — 200-35.59=0 Ay = 2361b 


+ = 0; = 2) : - - “ft 
=M,=0 Ma, — 200(2.5 35.59)(5 0 M, = 678 lb-f 


200 |b 
T=35:59 Ib 


Z5ft 
Fz 35-59 |b 


013-41. If a horizontal force of P = 10 lb is applied to 
block A, determine the acceleration of block B. Neglect 
friction. Hint: Show that ag = a, tan 15°. 


Equations of Motion: Applying Eq. 13-7 to FBD(a), we have 
4.UF,=ma,; 10-N sin t° = (555 Ja 
x a B 32.2 A 


Applying Eq. 13-7 to FBD( b), we have 


15 
+TSF, = may; Necos 15° — 15 = Gaz 


Kinematics: From the geometry of Fig. (c), 
Sp = S,4tan 15° 

Taking the time derivative twice to the above expression yields 
dg = a,tan 15° (QO.E.D.) 

Solving Eqs.(1), (2) and (3) yields 
dg = 5.68 ft/s” 


a, = 21.22 ft/s*> Ng = 18.27 lb 
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13-42. Block A has a mass m, and is attached to a spring 
having a stiffness k and unstretched length J. If another 
block B, having a mass mz, is pressed against A so that the 
spring deforms a distance d, determine the distance both 
blocks slide on the smooth surface before they begin to 
separate. What is their velocity at this instant? 


Block A: 


45 YF, = ma,; k(x —d)-N= 
Block B: 
5 YF, = ma,; N = mpag 


Since a4 = ag = 4, 


k(x — d) -— mga=maa 


a k(d — x) a kmgp (d — x) 
(m4 + mg) (my + mg) 


a 


N=Owhen d-—x=0, or x=d 


vdv =adx 


v d 
k(d - 
[vw AGES) 
0 


0 (m4 + mp) 


1 k 
5 v= [as 


(m4 + mp) 


kd? 
(m, + mg) 
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13-43. Block A has a mass m, and is attached to a spring 
having a stiffness k and unstretched length J. If another 
block B, having a mass mz, is pressed against A so that the 
spring deforms a distance d, show that for separation to 
occur it is necessary that d>2u,g(m, + mg)/k, where py, 
is the coefficient of kinetic friction between the blocks and 
the ground. Also, what is the distance the blocks slide on the 
surface before they separate? 


Block A: 


+4 =F, = ma, ; k(x d) N MRM, Sg 


Block B: 
SSF, = may; N — pempg = mpaz 


Since a4 = ag = 4, 


fu k(d — x) — px g(m4 + mp) kd — x) 
(ma, + mp) (m, + mpg) 


KKS 


_ kmpg(d — x) 


N= 
(m, + mpg) 


N = 0,then x = d for separation. 


At the moment of separation: 


vdv = adx 


ie . al k(d — x) |e 
VvVav = x 
0 0 (m4 + mpg) ree 

1.5 k Ig i 
2 a (ma + mpg) a 2 ‘7 Eee «| 


{# — 2p, g(m, + mp)d 
yo 
(ma, + mg) 


Require v > 0, so that 

kd? — 2p, g(m, + mg)d > 0 
Thus, 

kd > 2px g(m, + mp) 


2, 
d> EEE (na + ms) 
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*13-44,. The 600-kg dragster is traveling with a velocity of 
125 m/s when the engine is shut off and the braking 
parachute is deployed. If air resistance imposed on the 
dragster due to the parachute is Fp = (6000 + 0.9v°)N, 
where v is in m/s, determine the time required for the 
dragster to come to rest. 


Free-Body Diagram: The free-body diagram of the dragster is shown in Fig. (a). 


Equations of Motion: By referring to Fig. (a), 


4S YF, = ma 6000 + 0.9v? = 600(—a) 


a = —[10 + 1.5(10°3)v7] m/s? 
= -1.5(107)| 6666.67 + v?] m/s? 


Kinematics: Using the result of a, the time the dragster takes to stop can be obtained 
by integrating. 


(+) aes 
a 
i i dv 
dt = = 
0 125 m/s —1.5(10 *)(6666.67 + v”) 


v 
t = —666.67 i. — 
125 m/s 6666.67 + v 


Vv 


= —666.67 : ton 7 
"| \/6666.67(1) 6666.7 


= 8.165[0.9922 — tan“! (0.01225v)| 


125 m/s 


t = 8.165[0.9922 — tan”! (0)] = 8.10s 
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013-45. The buoyancy force on the 500-kg balloon is 

F = 6kN, and the air resistance is Fp = (100v) N, where v is |: p = (1000)N 
in m/s. Determine the terminal or maximum velocity of the 

balloon if it starts from rest. 


Free-Body Diagram: The free-body diagram of the balloon is shown in Fig. (a). 


Equations of Motion: By referring to Fig. (a), 


+1 SF, = ma 6000 — 500(9.81)100v = 500a 


ys 


a = (2.19 — 0.2v) m/s? 


Kinematics: Using the result of a, the velocity of the balloon as a function of t can be 


: : ‘ : : : dv Mere 
determined by integrating the kinematic equation, dt = —. Here, the initial 
a 


condition v = 0 at t = 0 will be used as the integration limit. Thus, 


(+1) Prem ee 
a 
f v 
du 
dt = | 
: 0 2.19 = 0.2u 


1 
t 5g in(2.19 — 0.20) 


2.19 
an sin( a5 - a) 


v 


0 


Gi 220 
2.19 — 0.2v 


v = 10.95(1 — e/>) 
When t — ©, the balloon achieves its terminal velocity. Since e~ /5 + () when t > ©0, 


Umax = 10.95 m/s Ans. 


Fy=(00V)N 
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13-46. The parachutist of mass m is falling with a velocity 
of vp at the instant he opens the parachute. If air resistance 
is Fp = Cv’, determine her maximum velocity (terminal 
velocity) during the descent. 


Free-Body Diagram: The free-body diagram of the parachutist is shown in Fig. (a). 


Equations of Motion: By referring to Fig. (a), 


+l3F, = ma,; mg — cv? = ma 


mg — cv? Cc 5 
a= = vf 
m 


Kinematics: Using the result of a, the velocity of the parachutist as a function of t 


: : ‘ . ; . dv re 
can be determined by integrating the kinematic equation, dt = —. Here, the initial 
a 


condition v = vo at t = 0 will be used as the integration limit. Thus, 


(+!) 
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13-46. Continued 


[gc 
When t—> ©, 2 t e 2 t. Thus, the 
/m m 
~~ — Vo 
gc 


terminal velocity of the parachutist is 


Vmax = Ans. 


Note: The terminal velocity of the parachutist is independent of the initial velocity vo. 
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13-47. The weight of a particle varies with altitude such 
that W = m(gr$)/r?, where ry is the radius of the earth and 
ris the distance from the particle to the earth’s center. If the 
particle is fired vertically with a velocity vp from the earth’s 
surface, determine its velocity as a function of position 1. 
What is the smallest velocity vp required to escape the 
earth’s gravitational field, what is 74x, and what is the time 
required to reach this altitude? 


vdv = adr 


Vv e d 
/ vdv = vi = fag a 
Vo ro r 
1 1 


(7 — vo) = sn 


2 


Vv =4/Vv9 — 2grol 1 — — 
" 


For minimum escape, require v = 0, 


2 
Tmax > CO when v9 > 2grq 


Escape velocity is 
Vesc = V 2870 


From Eq. (1), using the value for v from Eq. (2), 
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*13-48. The 2-kg block B and 15-kg cylinder A are 
connected to a light cord that passes through a hole in the 
center of the smooth table. If the block is given a speed of 
v = 10m/s, determine the radius r of the circular path 
along which it travels. 


Free-Body Diagram: The free-body diagram of block B is shown in Fig. (a). The 
tension in the cord is equal to the weight of cylinder A, iLe., 
T = 15(9.81)N = 147.15 N. Here, a, must be directed towards the center of the 
circular path (positive n axis). 


2 2 
Equations of Motion: Realizing that a, = ” = —and referring to Fig. (a), 
p r 


2 
SF, = may; 147.15 = (2 ) 


r 


r= 136m 


| 


42 
NTF /47-19N 2(980)N 


013-49. The 2-kg block B and 15-kg cylinder A are 
connected to a light cord that passes through a hole in the 
center of the smooth table. If the block travels along a 
circular path of radius r = 1.5m, determine the speed of 
the block. 


Free-Body Diagram: The free-body diagram of block B is shown in Fig. (a). The 
tension in the cord is equal to the weight of cylinder A, ie., 
T = 15(9.81)N = 147.15N. Here, a, must be directed towards the center of the 
circular path (positive n axis). 

uv ve 
Equations of Motion: Realizing that a, = ae and referring to Fig. (a), 


y- 
=F, = 2 147.15 = 2| — 
= ma, (4) 


v = 10.5 m/s nv 
NTE 


Kn 
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13-50. At the instant shown, the 50-kg projectile travels in 
the vertical plane with a speed of v = 40m/s. Determine 
the tangential component of its acceleration and the radius 
of curvature p of its trajectory at this instant. 


Free-Body Diagram: The free-body diagram of the projectile is shown in Fig. (a). 
Here, a, must be directed towards the center of curvature of the trajectory (positive 
n axis). 

2 402 


Equations of Motion: Here, a, = eas By referring to Fig. (a), 
pp 


+7ZF, = ma;; —50(9.81) sin 30° = 50a, 5 
O9-BUN 
a, = —4.905 m/s” 


40° 
INF, = may; 50(9.81) cos 30° = 50{ — 
p 


p = 188m 


13-51. At the instant shown, the radius of curvature of the 
vertical trajectory of the 50-kg projectile is p = 200m. 
Determine the speed of the projectile at this instant. 


Free-Body Diagram: The free-body diagram of the projectile is shown in Fig. (a). 
Here, a, must be directed towards the center of curvature of the trajectory (positive 
n axis). 


2 2 


z = 500° By referring to Fig. (a), 


Equations of Motion: Here, a, = 


2 
N4+DF,, = ma,; 50(9.81) cos 30° = 50) 
200 


v = 41.2 m/s 
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*13-52. Determine the mass of the sun, knowing that the 
distance from the earth to the sun is 149.6(10°) km. Hint: Use 
Eq. 13-1 to represent the force of gravity acting on the earth. 


M.M, _ ~ v 
R? °R 


N+ 2F, = may; G 


s  27(149.6)(107) 
t  365(24)(3600) 


[ (29.81)(10°) }? (149.6)(10°) 
= 66.73(10!) 


+ 


= 29.81(10°) m/s 


v= 


= 1.99(10) kg 


e13-53. The sports car, having a mass of 1700 kg, travels 
horizontally along a 20° banked track which is circular and 
has a radius of curvature of p = 100 m. If the coefficient of 
static friction between the tires and the road is pw, = 0.2, 
determine the maximum constant speed at which the car can 
travel without sliding up the slope. Neglect the size of the car. 


+TSF, = 0; N cos 20° — 0.2Nsin 20° — 1700(9.81) = 0 


N = 19 140.6N 


; Wan 
& =F, = ma,; 19 140.6 sin 20° + 0.2(19 140.6) cos 20° = r700( 100 ) 


Umax = 24.4 m/s 


|700(9.81) N 
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13-54. Using the data in Prob. 13-53, determine the 
minimum speed at which the car can travel around the track 
without sliding down the slope. 


+TXF, = 0; N cos 20° + 0.2N sin 20° — 1700(9.81) = 0 
N = 16543.1N 


2 . 
16543.1 sin 20° — 0.2(16543.1) cos 20° = 1700( “2 


ne 100 


no 


Umin = 12.2 m/s 


13-55. The device shown is used to produce the 
experience of weightlessness in a passenger when he 
reaches point A, 0 = 90°, along the path. If the passenger 
has a mass of 75 kg, determine the minimum speed he 
should have when he reaches A so that he does not exert a 
normal reaction on the seat. The chair is pin-connected to 
the frame BC so that he is always seated in an upright 
position. During the motion his speed remains constant. 


Equation of Motion: If the man is about to fly off from the seat, the normal reaction 
N = 0. Applying Eq. 13-8, we have 


2 
+J3F, = ma; 75(9.81) = 75() 


v = 9.90 m/s 


75GB) N 


+t | 
Qn, 
N=0 
| 
NM 
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*13-56. A man having the mass of 75 kg sits in the chair 
which is pin-connected to the frame BC. If the man is 
always seated in an upright position, determine the 
horizontal and vertical reactions of the chair on the man at 
the instant 6 = 45°. At this instant he has a speed of 6 m/s, 
which is increasing at 0.5 m/s’. 


Equation of Motion: Applying Eq. 13-8, we have 
+X F, = ma; R, cos 45° + R, cos 45° — 75(9.81) cos 45° = 75(0.5) (1) 


62 
tY =F, = ma,; R, sin 45° — Ry sin 45° + 75(9.81) sin 45° = 15 5) (2) 


Solving Eqs.(1) and (2) yields 


R, = 217N R, = S7T1N 
t 


Ay=o5mp% 


¢13-57. Determine the tension in wire CD just after wire 
AB is cut. The small bob has a mass m. 


Free-Body Diagram: The free-body diagram of the bob is shown in Fig. (a). 


Equations of Motion: Since the speed of the bob is zero just after the wire AB is cut, 


‘ ee uv ‘ . 
its normal component of acceleration is a, = — = 0. By referring to Fig. (a), 
p 


+72F, = may; Tcp — mg sin @ = m(0) 


Tcp = Mg sin 0 
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13-58. Determine the time for the satellite to complete its 
orbit around the earth. The orbit has a radius r measured 
from the center of the earth. The masses of the satellite and 
the earth are m, and M,, respectively. 


Free-Body Diagram: The free-body diagram of the satellite is shown in Fig. (a). The 
force F which is directed towards the center of the orbit (positive n axis) is given by 


GM .m, , be : 
Fe= > (Eq. 12-1). Also, a, must be directed towards the positive n axis. 
r 


V5" 


Equations of Motion: Realizing that a, = "= oa and referring to Fig. (a), 
p 


GM .m, 


+/2F, = ma,; 


The period is the time required for the satellite to complete one revolution around 
the orbit. Thus, 


13-59. An acrobat has a weight of 150 Ib and is sitting on a 
chair which is perched on top of a pole as shown. If by a 
mechanical drive the pole rotates downward at a constant 
rate from 6 = 0°, such that the acrobat’s center of mass G 
maintains a constant speed of v, = 10 ft/s, determine the 
angle @ at which he begins to “fly” out of the chair. Neglect 
friction and assume that the distance from the pivot O to G 
isp = 15 ft. 


Equations of Motion: If the acrobat is about to fly off the chair, the normal reaction 
N = 0. Applying Eq. 13-8, we have 


32.2 15. 


2 
INF, = may; 150 cos 6 = ee (2 ) 


0 = 78.1° 


221 


91962_02_s13_p0177-0284 6/8/09 10:04 AM Page 222 e 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*13-60. A spring, having an unstretched length of 2 ft, has 
one end attached to the 10-lb ball. Determine the angle 6 of 
the spring if the ball has a speed of 6 ft/s tangent to the 
horizontal circular path. 


Free-Body Diagram: The free-body diagram of the bob is shown in Fig. (a). If we 
denote the stretched length of the spring as /, then using the springforce formula, 
Fy, = ks = 20(/ — 2) Ib. Here, a, must be directed towards the center of the 
horizontal circular path (positive n axis). 


Equations of Motion: The radius of the horizontal circular path isr = 0.5 + / sin 6. 
vw 6 
r 054+ /sing’ 


Since a, = by referring to Fig. (a), 


+T SF, = 0; 20(1 — 2) cos# — 10 = 0 


<& SF, = may; 20(/ — 2) sin @ orl oe ) 
on 32.2\0.5 + sin é 
Solving Eqs. (1) and (2) yields 
@ = 31.26° = 31.3° 


1 = 2.585 ft 


013-61. If the ball has a mass of 30 kg and a speed 
v = 4 m/s at the instant it is at its lowest point, 9 = 0°, 
determine the tension in the cord at this instant. Also, 
determine the angle @ to which the ball swings and 
momentarily stops. Neglect the size of the ball. 


+T3F, = ma,;  T — 30(9.81) = s0( O") 


T = 414N 


+/7>F, = ma;; —30(9.81) sin 6 = 30a, 
a, = —9.81 sin 6 


a, ds = uv dv Since ds = 4 dé, then 


0 0 
9s [ sin 0(4 d@) = i udu 
0 4 


1 
[9.81(4)cos 6]f = = (A)? 

39.24(cos 8 — 1) = —8 

6 = 372 2 


309.81) N 309-81) N 
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13-62. The ball has a mass of 30 kg and a speed v = 4 m/s 
at the instant it is at its lowest point, 9 = 0°. Determine the 
tension in the cord and the rate at which the ball’s speed is 
decreasing at the instant 9 = 20°. Neglect the size of the ball. 


2 
+NZF, = ma, T — 30(9.81) cos 0 = 20( =) 


+/7>F, = ma; —30(9.81) sin 6 = 30a, 
a, = —9.81 sin @ 


a, ds = v dv Since ds = 4 dé, then 


0 v 
-o.si [ sin 0 (4 d0) = y vdv 
0 4 


ee ae ee 
9.81(4) cos 0] = —(v)" — - (4) 
roe: 2 


1 
39.24(cos@ — 1) + 8= sy 


At 6 = 20° 
v = 3.357 m/s 
a, = —3.36 m/s” = 3.36 m/s?“ 


T = 361N 
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13-63. The vehicle is designed to combine the feel of a 
motorcycle with the comfort and safety of an automobile. If 
the vehicle is traveling at a constant speed of 80 km/h along 
a circular curved road of radius 100 m, determine the tilt 
angle @ of the vehicle so that only a normal force from the 
seat acts on the driver. Neglect the size of the driver. 


Free-Body Diagram: The free-body diagram of the passenger is shown in Fig. (a). 
Here, a, must be directed towards the center of the circular path (positive n axis). 


‘ , Bk km \/ 1000 m 1h 
Equations of Motion: The speed of the passenger is v (s0 h )( ish \G 600 -) 


= 22.22 m/s. Thus, the normal component of the passenger’s acceleration is given by 
2 2 
ve 2222 


a,=—= 


5 77 4.938 m/s”. By referring to Fig. (a), 


N= 9.81m 


+TXF, = 0; N cos 6 — m(9.81) = 0 
cos 0 


9.81m 


= YF, = ma 
cos 0 


sin 9 = m(4.938) 


no 


0 = 26.7° 
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*13-64. The ball has a mass m and is attached to the cord 
of length /. The cord is tied at the top to a swivel and the ball 
is given a velocity vo. Show that the angle @ which the cord 
makes with the vertical as the ball travels around the 
circular path must satisfy the equation tan @ sin 6 = v9/gl. 
Neglect air resistance and the size of the ball. 


+5 YF, = may; T sin @ = m( 


+TSF, =0; T cos@ — mg = 0 


mvp 


= I sin? 6 


(™)( cos *) 
— =m 
l sin? 0 > 


ve 


tan @ sin @ = — 
gl 


Since r = / sin @ T 
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¢13-65. The smooth block B, having a mass of 0.2 kg, is 
attached to the vertex A of the right circular cone using a 
light cord. If the block has a speed of 0.5 m/s around the cone, 
determine the tension in the cord and the reaction which 
the cone exerts on the block. Neglect the size of the block. 


p = 120mm = 0.120m 


Ts 02.8)() > Coole 


T = 1.82N 


ne-aaos0(3)=- (cian) (3) 


Ng = 0.844N 


)=02( Gin) 


*) + va(2) — 0.2(9.81) = 0 


5 5 
T = 1.82N 


Np = 0.844N 


226 


91962_02_s13_p0177-0284 6/8/09 10:40 AM Page 227 fb 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


13-66. Determine the minimum coefficient of static 
friction between the tires and the road surface so that the 
1.5-Mg car does not slide as it travels at 80 km/h on the 
curved road. Neglect the size of the car. 


Free-Body Diagram: The frictional force F, developed between the tires and the 
road surface and a, must be directed towards the center of curvature (positive n 
axis) as indicated on the free-body diagram of the car, Fig. (a). 


km \/ 1000 m th 
Equations of Motion: Here, th d of the car is v = ( 80 
quations of Motion: Here, the speed of the car is v ( h )( Ae \sats) 
ve 22.227 


= 22.22 m/s. Realizing that a, = — OS 2.469 m/s” and referring to Fig. (a), 
p 


+\DF, = may; F; = 1500(2.469) = 3703.70 N 


The normal reaction acting on the car is equal to the weight of the car, ie., 
N = 1500(9.81) = 14715 N. Thus, the required minimum jp, is given by 


F 
f 370.70 

Bi PI 24959 
Bs N 14715 


13-67. If the coefficient of static friction between the tires 
and the road surface is uw, = 0.25, determine the maximum 
speed of the 1.5-Mg car without causing it to slide when it 
travels on the curve. Neglect the size of the car. 


Free-Body Diagram: The frictional force F, developed between the tires and the 
road surface and a, must be directed towards the center of curvature (positive n 
axis) as indicated on the free-body diagram of the car, Fig. (a). 


2 2 
Equations of Motion: Realizing that a, = "= a and referring to Fig. (a), 
p 


v 2 
+N F, = may; Fy = 1500( 2 = 7.5v 


The normal reaction acting on the car is equal to the weight of the car, Le., 
N = 1500(9.81) = 14715 N. When the car is on the verge of sliding, 


Fy Fa bsN 
7.5 v? = 0.25(14 715) 


v = 22.1 m/s 
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*13-68. At the instant shown, the 3000-lb car is traveling 
with a speed of 75 ft/s, which is increasing at a rate of 6 ft/s”. 
Determine the magnitude of the resultant frictional force 
the road exerts on the tires of the car. Neglect the size of 
the car. 


Free-Body Diagram: Here, the force acting on the tires will be resolved into its n 
and t components F,, and F, as indicated on the free-body diagram of the car, 
Fig. (a). Here, a, must be directed towards the center of curvature of the road 
(positive n axis). 


2 2 
75 
Equations of Motion: Here, a, = “= 500 7 9.375 ft/s”. By referring to Fig. (a), 
p 


3000 
+ = : = — = ‘ 
T>F,= ma; F, a0 (6) = 559.01 Ib 


3000 
<£ SF, = may; Fy = 35 5 (9.375) = 873.45 Ib 


Thus, the magnitude of force F acting on the tires is 


F= VF? + F,2 = V559.012 + 873.452 = 1037 Ib 
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¢13-69. Determine the maximum speed at which the car 
with mass m can pass over the top point A of the vertical 
curved road and still maintain contact with the road. If the 
car maintains this speed, what is the normal reaction the 
road exerts on the car when it passes the lowest point B on 
the road? 


Free-Body Diagram: The free-body diagram of the car at the top and bottom of the 
vertical curved road are shown in Figs. (a) and (b), respectively. Here, a, must be 
directed towards the center of curvature of the vertical curved road (positive n axis). 


Equations of Motion: When the car is on top of the vertical curved road, it is 
required that its tires are about to lose contact with the road surface. Thus, N = 0. 


2 
Realizing that a, = "=~ and referring to Fig. (a), 
p or 


2 


+ )>=F,, = may; me = m( ) v= V er 
r 


Using the result of v, the normal component of car acceleration is 
2 
v r 

a, == oe g when it is at the lowest point on the road. By referring to Fig. (b), 
p r 

+1 SF, = ma,: N — mg = mg 


N = 2mg 


229 


91962_02_s13_p0177-0284 6/8/09 10:40 AM Page 230 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


13-70. A 5-Mg airplane is flying at a constant speed of 
350 km/h along a horizontal circular path of radius 
r = 3000m. Determine the uplift force L acting on 
the airplane and the banking angle 0. Neglect the size of the 
airplane. 


Free-Body Diagram: The free-body diagram of the airplane is shown in Fig. (a). 
Here, a,, must be directed towards the center of curvature (positive n axis). 


: ; F oe Bt km \/ 1000 m 1h 
Equations of Motion: The speed of the airplane is v (350 h )( Ge )(, 600 ) 


2 2 


= 97.22 m/s. Realizing that a, = “= 
p 3000 


= 3.151 m/s” and referring to Fig. (a), 


5000(9-81)N 


+TXF, = 0; T cos 6 — 5000(9.81) = 0 (1) 
<& SF, = may; T sin 0 = 5000(3.151) 
Solving Egs. (1) and (2) yields 


0 = 17.8° T = 51517.75 = 51.5 kN 


13-71. A 5-Mg airplane is flying at a constant speed of 
350 km/h along a horizontal circular path. If the banking 
angle @ = 15°, determine the uplift force L acting on the 
airplane and the radius r of the circular path. Neglect the 
size of the airplane. 


Free-Body Diagram: The free-body diagram of the airplane is shown in Fig. (a). 
Here, a,, must be directed towards the center of curvature (positive n axis). 


; : 5 : km \/ 1000 m 1h 
Equations of Motion: The speed of the airplane is v = (50 h )( Ga \G 600 -) 
2 97.22? 


= 97.22 m/s. Realizing that a, = “= and referring to Fig. (a), 
p r 


+TXF, = 0; L cos 15° — 5000(9.81) = 0 
L = 50780.30N = 50.8 kN 


22) 


<£ SF, = ma,; 50780.30 sin 15° = son( 


r = 3595.92 m = 3.60 km 
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*13-72. The 0.8-Mg car travels over the hill having the 
shape of a parabola. If the driver maintains a constant 
speed of 9 m/s, determine both the resultant normal force 
and the resultant frictional force that all the wheels of the 
car exert on the road at the instant it reaches point A. y=20(1- 


2 
$400) 
Neglect the size of the car. 6400 


d a 
Geometry: Here, 7 = —0.00625x and a = —0.00625. The slope angle 6 at point 
x x 


A is given by 
dy 
tan @ = — = —0.00625(80) 6 = —26.57° 


X | x=80 m 
and the radius of curvature at point A is 


_ [1 + (dy/dxyP? _ [1 + (-0.00625x)]5/” fsa tooe 
r \Py/dx| |—0.00625] fae en 


Equations of Motion: Here, a, = 0. Applying Eq. 13-8 with @ = 26.57° and 
p = 223.61 m, we have 


SF, = ma; 800(9.81) sin 26.57° — Fy = 800(0) 


Fy = 3509.73 N = 3.51 KN 


92 
800(9.81) cos 26.57° — N = 800 
Cees (sa) 


N = 6729.67 N = 6.73 kN 
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e13-73. The 0.8-Mg car travels over the hill having the 
shape of a parabola. When the car is at point A, it is traveling 
at 9 m/s and increasing its speed at 3 m/s”. Determine both 
the resultant normal force and the resultant frictional force 
that all the wheels of the car exert on the road at this instant. y=20(01- 


2 
$400) 
Neglect the size of the car. 6400 


d a 
Geometry: Here, - = —0.00625x and re = —0.00625. The slope angle 6 at point 
x x 


A is given by 


d 
tang = = —0.00625(80)  @ = —26.57° 


X | x=80m 


and the radius of curvature at point A is 


[1 + (dy/axyP? [1 + (-0.00625x)?}3? 
= = = 223.61 
f ?y/dx| |—0.00625] ree ™ 


Equation of Motion: Applying Eq. 13-8 with 6 = 26.57° and p = 223.61 m, we have 
XF, = ma; 800(9.81) sin 26.57° — Fy = 800(3) 


Fy = 1109.73 N = 1.11 kN 


223.61 


92 
800(9.81) cos 26.57° — N = s00( 


N = 6729.67 N = 6.73 kN 
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13-74. The 6-kg block is confined to move along the 
smooth parabolic path. The attached spring restricts the 
motion and, due to the roller guide, always remains 
horizontal as the block descends. If the spring has a stiffness 
of k = 10 N/m, and unstretched length of 0.5 m, determine 
the normal force of the path on the block at the instant 
x = 1m when the block has a speed of 4 m/s. Also, what is 
the rate of increase in speed of the block at this point? 
Neglect the mass of the roller and the spring. 


k=10N/m 
v=2- 05x? 
du 


= tand=—-x 
x=1 


ai ment 6(9-B1)N 


= = 2.8284 m 
|-1| 


F, = kx = 10(1 — 0.5) =5N 


(4) ) 
+ — . . oe ay on 7 2984 
LIF, = may; 6(9.81)cos 45° — N + 5 cos 45 of 2.8284 


N =112N 


tN F, = ma; 6(9.81) sin 45° — 5 sin 45° = 6a, 


a, = 6.35 m/s” 


13-75. Prove that if the block is released from rest at point 
B of a smooth path of arbitrary shape, the speed it attains 
when it reaches point A is equal to the speed it attains when 
it falls freely through a distance h;1.e.,v = V 2gh. 


+NDF, = ma; mg sin @ = ma, a, = g sind 


udu =a,ds = gsin6@ ds However dy = dssin@ 


v h 
| vdv = | gdy 
0 0 
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*13-76. A toboggan and rider of total mass 90 kg travel 
down along the (smooth) slope defined by the equation 
y = 0.08x?. At the instant x = 10 m, the toboggan’s speed 
is 5 m/s. At this point, determine the rate of increase in 
speed and the normal force which the slope exerts on the 
toboggan. Neglect the size of the toboggan and rider for the 
calculation. 


d a 
Geometry: Here, = 0.16x and eo = 0.16. The slope angle @ at x = 10m is 
x x 


given by 


dy 
tan 9 = = 0.16(10) 6 = 57.99° 


X |x=10m 


and the radius of curvature at x = 10 mis 


[1 + (dy/dx 9? [1 + (0.16x)?]9? 
p= = = 41.98 m 
ld? y/dx"| 0.16} x=10m 


Equations of Motion: Applying Eq. 13-8 with 9 = 57.99° and p = 41.98 m, we have 
XF, = ma;; 90(9.81) sin 57.99° = 90a, 


a, = 8.32 m/s? 


52 
=F, = may; —90(9.81) cos 57.99° + N = o0( ) 


41.98 


N = 522N 
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°13-77. The skier starts from rest at A(10 m, 0) and 
descends the smooth slope, which may be approximated 
by a parabola. If she has a mass of 52 kg, determine the 
normal force the ground exerts on the skier at the instant 
she arrives at point B. Neglect the size of the skier. Hint: 
Use the result of Prob. 13-75. 


1 
Geometry: Here, 2 1 o” Lhe slope angle @ at point B is given by 


y 
dx 


re 0 
an@ = — - 
dx | x=0m 9 524.81) N 


and the radius of curvature at point B is 


1 2793/2 
[1 + (dy/dxy 9? c ° 0") | 
l?y/dxe-| |1/10| 


p= 


Equations of Motion: 


+/2F, = ma; 52(9.81) sin @ = —52a, a, = —9.81 sin @ 


2 
LNDF, = may: N — 52(9.81) cos 0 = n(=) (1) 
p 


Kinematics: The speed of the skier can be determined using v dv = a, ds. Here, a, 
must be in the direction of positive ds. Also, ds = V1 + (dy/dx)*dx 
=V1+ woedx 


x 


10V1 + ax? 


v 0 
= x a/ 1.2 
(+ ) i" udu = -9.si | ( 1 + 7oxdx 
0 tom\10V1 + agx” ( ae ) 


uv? = 9.81 m?/s? 


1 
Here, tan 6 = o™ hea sin 0 = 


Substituting v* = 98.1 m?/s?,@ = 0°, and p = 10.0 m into Eq.(1) yields 


5 en 981 
N — 52(9.81) cos 0° = (=) 


N = 1020.24N = 1.02 kN 
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13-78. The 5-lb box is projected with a speed of 20 ft/s at 
A up the vertical circular smooth track. Determine the 
angle 6 when the box leaves the track. 


Free-Body Diagram: The free-body diagram of the box at an arbitrary position 6 is 
shown in Fig. (a). Here, a, must be directed towards the center of the vertical circular 
path (positive n axis), while a, is assumed to be directed toward the positive ¢ axis. 


2 2 
Equations of Motion: Here, a, = ‘= = Also, the box is required to leave the 
p 


track, so that N = 0. By referring to Fig. (a), 


. 5 
+ = : es pare cia 
ZXF, = maz 5 sin 6 2 a; 


a, = —(32.2 sin @) ft/s 


+NIF, = : 5 cos @ = mia 
Ce 32.2\ 4 


v? = —128.8 cos 0 (1) 


Kinematics: Using the result of a,, the speed of the box can be determined by 
integrating the kinematic equation v dv = a,ds, where ds = r dO = 4 d6. Using the 
initial condition v = 20 ft/s at 9 = 0° as the integration limit, 


v 0 
| vdv = i —32.2 sin 0(4 dé) 
20ft/s 0° 


y2|" 


— = 128.8 cos 6|$¢ 
2 20 ft/s 


v? = 257.6 cos @ + 142.4 
Equating Eqs. (1) and (2), 
386.4 cos 6 + 142.4 = 0 


@ = 111.62° = 112° 
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13-79. Determine the minimum speed that must be given 
to the 5-lb box at A in order for it to remain in contact with 
the circular path. Also, determine the speed of the box when 
it reaches point B. 


Free-Body Diagram: The free-body diagram of the box at an arbitrary position 6 is 
shown in Fig. (a). Here, a, must be directed towards the center of the vertical circular 
path (positive n axis), while a, is assumed to be directed toward the positive ¢ axis. 


2 2 
Equations of Motion: Here, a, = “= re Also, the box is required to leave the 
p 


track, so that N = 0. By referring to Fig. (a), 
. 5 
+7>F, = ma; —5sin@ = 399 


a, = —(32.2 sin @) ft/s* 


5 (vw 
N- 5 cos 0 = 2(4] 
N = 0.03882v? + 5 cos 6 (1) 


Kinematics: Using the result of a,, the speed of the box can be determined by 
intergrating the kinematic equation v dv = a,ds, where ds = r dé = 4 dé. Using 
the initial condition v = vp at 6 = 0° as the integration limit, 


v 0 
/ vdv = [ —32.2 sin 0(4d0) 
vo 0° 


y2|" 


alae 128.8 cos 6|§> 
Vo 


v? = 257.6 cos 6 — 257.6 + v9" (2) 


Provided the box does not leave the vertical circular path at 6 = 180°, then it will 
remain in contact with the path. Thus, it is required that the box is just about to leave 
the path at 9 = 180°, Thus, N = 0. Substituting these two values into Eq. (1), 


0 = 00.03882v* + 5 cos 180° 


11.35 ft/s 


Substituting the result of v and vg = Vipin into Eq. (2), 
11.35? = 257.6 cos 180° — 257.6 + Vin? 
Vmin = 25.38 ft/s = 25.4 ft/s Ans. 
At point B,@ = 210°. Substituting this value and vo = Vin = 25.38 ft/s into Eq. (2), 
Vp? = 257.6 cos 210° — 257.6 + 25.387 


vp = 12.8 ft/s 
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*13-80. The 800-kg motorbike travels with a constant 
speed of 80 km/h up the hill. Determine the normal 
force the surface exerts on its wheels when it reaches 
point A. Neglect its size. 


dy V2 V2 
: = 1/2 = 2 
Geometry: Here, y V2x"/?, Thus, ren rer The angle that 


the hill slope at A makes with the horizontal is 


4 ( a2 ° 
es _ = 4.045 
dx / | ¥=100m = 2x!/2 } | x=100 m 0 B00(G.B)N 


6=4.045 
The radius of curvature of the hill at A is given by a 
dy 2713/2 V2 2 13/2 
“OT [Gets 
dx 2(100'/) 


pa= = = 2849.67 m 


d’y | V2 


a See Qa 
dx? 4(1003/2 \ ~ 
( ) N \ 


x=100m 


Free-Body Diagram: The free-body diagram of the motorcycle is shown in Fig. (a). 
Here, a, must be directed towards the center of curvature (positive n axis). 


n 


Equations of Motion: The speed of the motorcycle is 


km \/ 1000 m 1th a 
(cia) i ie 


h 1km 


ye. 2029? 
pa 2849.67 
\+ DF, = may; 800(9.81)cos 4.045° — N = 800(0.1733) 


3600 s 


Thus, a, = 


= 0.1733 m/s’. By referring to Fig. (a), 


N = 7689.82 N = 7.69 kN 
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e13-81. The 1.8-Mg car travels up the incline at a constant 
speed of 80 km/h. Determine the normal reaction of the 
road on the car when it reaches point A. Neglect its size. 


dy 1 \ x10 x/100 d’y 1 \ x10 
Geometry: Here, a 20( sie p00 =) De and poe 0.2 100 / 


= 0.002e*/!. The angle that the slope of the road at A makes with the horizontal is 


d 
d= tan-t( 2) = tan” 1(0.2¢°7/1) = 18.25°. The radius of curvature of the 
x x=50m 


road at A is given by 


2 ]3/2 3/2 
c + (2) ik c me (oz |" 
dx 


= = = 354.05 m 
a d’y |0.002¢514 


dx 


x=50m 


Free-Body Diagram: The free-body diagram of the car is shown in Fig. (a). Here, a, 
must be directed towards the center of curvature (positive 1 axis). 


Equations of Motion: The speed of the car is 
_ km \/ 1000 m Th \ | 3 
y= (a03)(1000m)( 1h) 92 we 


wv 22.22? 
Th =—= 
Bae sae = BAS 


= 1,395 m/s”. By referring to Fig. (a), 


+\EF,, = may; N — 1800(9.81) cos 18.25° = 1800(1.395) 


N = 19280.46N = 19.3 kN 


239 


91962_02_s13_p0177-0284 6/8/09 10:40 AM Page 240 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


13-82. Determine the maximum speed the 1.5-Mg car can 
have and still remain in contact with the road when it passes 
point A. If the car maintains this speed, what is the normal 
reaction of the road on it when it passes point B? Neglect 
the size of the car. 


d a? 
Geometry: Here, a = —0.01x and 2 = —0.01. The angle that the slope of the 
y x 
d 
road makes with the horizontal at A and B are 6,4 = tani( 
x 
-1 aif dy -1 
= tan '(0) = 0° and 6, = tan !{ — = tan~'(—0.01(25)) = —14.04°. The 
X/ | x=25m 
radius of curvature of the road at A and B are 


dy\? |3? 
[ + (2) | [1 a: (0)? >? 


= = = 100 
PA dy 0.01 = 


ax 


dy 2°]3/2 
[ : ee | [1 + (0.25)? 


= = = 109.52 
ve ay 0.01 ies 


dx 


x=25m 
Free-Body Diagram: The free-body diagram of the car at an arbitrary position x is 


shown in Fig. (a). Here, a, must be directed towards the center of curvature of the 
road (positive 7 axis). 


2 
Equations of Motion: Here, a, = = By referring to Fig. (a), 
p 


Vv 


2 
LF, = may; 1500(9.81) cos @ — N = 500 
p 


1500v? 
N = 14715 cos@ — —— (1) 
p 


Since the car is required to just about lose contact with the road at A, then 
N=N,=0, 6=6,=0 and p = py = 100m. Substituting these values into 


Eq. (1), 


1500v7 


0 = 14715 cos 0° — 100 


v = 31.32 m/s = 31.3 m/s Ans, 


When the car is at B, 6 = 6, = 14.04° and p = pg = 109.52 m. Substituting these 
values into Eq. (1), we obtain 


1500(31.327) 
109.52 


Nez = 14715 cos 14.04° — 


839.74N = 840 N 
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13-83. The 5-lb collar slides on the smooth rod, so that 
when it is at A it has a speed of 10 ft/s. If the spring to which 
it is attached has an unstretched length of 3 ft and a stiffness 
of k = 10 lb/ft, determine the normal force on the collar 
and the acceleration of the collar at this instant. 


0 = —63.435° 


dy\2 5 
y' _ (1 + (-2) 


|-1| 


= 11.18 ft 


OA = V (2) + (6) = 6.3246 


F, = kx = 10(6.3246 — 3) = 33.246 lb 
6 
tan d = 3 1.565° 


+/2F, = may; 5 cos 63.435° — N + 33.246 cos 8.1301° = (3 


N = 33.8 1b 


5 
tNEF, = ma; 5 sin 63.435° + 33.246 sin 8.1301° = (3 5a 


a, = 59.08 ft/s” 


_v_ (10) 


Vv 
= = 8.9443 ft/s? 
Op stag 


a = V(59.08)2 + (8.9443)? = 59.8 ft/s? 
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*13-84. The path of motion of a 5-lb particle in the 
horizontal plane is described in terms of polar coordinates 
as r = (2t + 1) ft and 6 = (0.5¢* — £) rad, where ¢ is in 
seconds. Determine the magnitude of the resultant force 
acting on the particle when tf = 2s. 


r=2t+ 1|,-., = 5ft r=2ft/s F=0 


6 = 0.5t? — tl», = Orad 6 =t — I|-2, = 1 rad/s 6 = 1 rad/s? 


r@? = 0 — 5(1)* = —5 ft/s 


270 = 5(1) + 2(2)(1) = 9 ft/s? 


5 


F SS) 
T3990: 


(—5) = —0.7764 Ib 


5 


Fo = mag; Fo = 355 


(9) = 1.398 Ib 


F = VF? + F2 = V(-0.7764) + (1.398)? = 1.60 Ib 


°13-85. Determine the magnitude of the resultant force 
acting on a 5-kg particle at the instant t = 2 s, if the particle 
is moving along a horizontal path defined by the equations 
r = (2t + 10)m and @ = (1.5t? — 6t) rad, where ¢ is in 
seconds. 


r= 2t+ 10|,.., = 14 


6 = 1.50? — 6t 


a 6,25 = 0 


re? =0-0=0 


= ro + 270 = 14(3) + 0 = 42 
Hence, 
=F, = ma,; F, = 5(0) = 0 
=F 9 = mag; Fo = 5(42) = 210N 


F = V(F,) + (Fo)? = 210N 
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13-86. A 2-kg particle travels along a horizontal smooth 
path defined by 


1 ih 
r= (1. + 2m 0= (5) aa 


where f is in seconds. Determine the radial and transverse 
components of force exerted on the particle when ¢t = 2s. 


Kinematics: Since the motion of the particle is known, a, and ag will be determined 
first. The values of r and the time derivative of r and 6 evaluated at t = 2s are 


1 : 3 a 3 
rheos = af 4D ; 4m theo, = la ; =3m/s_ Thao. = 5 = 3 m/s* 
t=2s t=2s 


= 1 rad/s Blia2s = 0.5 rad/s” 


t=2s 


Using the above time derivative, 


a, = — 1? =3 — 41?) = -1 m/s’ 

dy = 10 + 270 = 4(0.5) + 2(3)(1) = 8 m/s? 
Equations of Motion: By referring to the free-body diagram of the particle in Fig. (a), 
=F, = ma,; F, = 2(-1) = -2N Ans. 
=F = map; Fy, = 2(8) = 16N Ans, 


Note: The negative sign indicates that F, acts in the opposite sense to that shown on 
the free-body diagram. 
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13-87. A 2-kg particle travels along a path defined by 


1 
r= (34+ 2°)m, 0 = & + 2) rad 


and z = (5 — 2¢)m, where fis in seconds. Determine the r, 
6, z components of force that the path exerts on the particle 
at the instant ¢ = 1s. 


Kinematics: Since the motion of the particle is known, a,, ag, and a, will be 
determined first. The values of r and the time derivative of r, 0, and z evaluated at 
t = 1sare 


rh=1s 3b 2? _ Fleas = Atl =1 5 = 4m/s Fhets 7 4 m/s” 
t=1s 


= lrad/s Ble 5 = 2t-1, = 2 rad/s” 


%=—-4m/s? 


Using the above time derivative, 24 8 LN 


a, =* — 1 =4—- 5(12) = -1 m/s? 

dy = 10 + 270 = 5(2) + 2(4)(1) = 18 m/s? 

a, = Z = —4m/s” 
Equations of Motion: By referring to the free-body diagram of the particle in Fig. (a), 
=F, = ma,; F, = 2(-1) = -2N Ans. 
=F oo = may; Fy = 2(18) = 36N Ans. 
2=Fz = maz F, — 2(9.81) = 2(-4); F,=11.0N Ans. 


Note: The negative sign indicates that F, acts in the opposite sense to that shown on 
the free-body diagram. 
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*13-88. If the coefficient of static friction between the 
block of mass m and the turntable is w,, determine the 
maximum constant angular velocity of the platform without 
causing the block to slip. 


Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Here, 
the frictional force developed is resolved into its radial and transversal components 
F , Fy, a,, and ay are assumed to be directed towards their positive axes. 


Equations of Motion: By referring to Fig. (a), 
ma,; 
= May; Fo = mag 


= maz; N — mg = m(0) N = mg 


Kinematics: Since r and 6 are constant,r = r = O and 6=0. 


a,=7 re? = 0 — r@* = —ré? 
ag = r6 + 270 =0 

Substituting the results of a, and a, into Eqs. (1) and (2), 
F, = mr @ P= 0 


Thus, the magnitude of the frictional force is given by 


F = VF,2 + F,2 = V(mroy + 0 = mre? 


Since the block is required to be on the verge of slipping, 
F = p,N 


mr@ = png 


ga. | Me 
r 
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¢13-89. The 0.5-kg collar C can slide freely along the smooth 
rod AB. At a given instant, rod AB is rotating with an angular 
velocity of 6 = 2 rad/s and has an angular acceleration of 
@ = 2 rad/s”. Determine the normal force of rod AB and the 
radial reaction of the end plate B on the collar at this instant. 
Neglect the mass of the rod and the size of the collar. 


Free-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). Here, a, 
and a, are assumed to be directed towards the positive of their respective axes. 


Equations of Motion: By referring to Fig. (a), 
r —Ne om 0.54, 
Fo = Mao; Fap = 0.5a9 


Kinematics: Since r = 0.6 m is constant, r = r = 0. 


a, = ¥ — r= 0 — (0.6)(2”) = -2.4 m/s? 


dy = r0 + 270 = 0.6(2) + 0 = 1.2 m/s? 
Substituting the results of a, and ag into Eqs. (1) and (2) yields 
Nz = 1.20N 


Fap= 0.6N 
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13-90. The 2-kg rod AB moves up and down as its end 
slides on the smooth contoured surface of the cam, where 
r = 0.1 mand z = (0.02 sin 6) m. If the cam is rotating with a 
constant angular velocity of 5 rad/s, determine the force on 
the roller A when 6 = 90°. Neglect friction at the bearing C 
and the mass of the roller. 


z = 0.02 siné 


Kinematics: Taking the required time derivatives, we have 
6 = Srad/s 6=0 
Zz = 0.02 sin 6 z = 0.02 cos 60 Z= 0.02(cos 66 — sin 06”) 


Thus, 


a,=Z= 0.02[ cos 6(0) — sin 6(5°) = —0.5 sin 0 


At 6 = 90°, a, = —0.5 sin 90° = —0.500 m/s” 
Equations of Motion: 
F, — 2(9.81) = 2(—0.500) 


F, = 18.6N 
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13-91. The 2-kg rod AB moves up and down as its end 
slides on the smooth contoured surface of the cam, where 
r = 0.1m and z = (0.02 sin 9) m. If the cam is rotating at a 
constant angular velocity of 5 rad/s, determine the maximum 
and minimum force the cam exerts on the roller at A. Neglect 
friction at the bearing C and the mass of the roller. 


Kinematics: Taking the required time derivatives, we have 
6 = Srad/s 6=0 
z = 0.02 sin 8 z = 0.02 cos 00 Z= 0.02(cos 66 — sin 00”) 


6 = 5 rad/s 
Thus, LL 


a,=Z= 0.02[ cos 6(0) — sin 0(5°) = —0.5 sin @ 


At 6 = 90°, a, = —0.5 sin 90° = —0.500 m/s” 


e 


Até = —90°, a, = —0.5 sin (—90°) = 0.500 m/s” 


Equations of Motion: At 6 = 90°, applying Eq. 13-9, we have 
=F, = maz (F2)min — 2(9.81) = 2(—0.500) | 24.8!) N 


(F)min = 18.6N 


Oz 


—90°, we have 


ma;; (F.)max — 2(9.81) = 2(0.500) 


(Fz)max = 20.6 N 


vy 


Fe 
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*13-92. If the coefficient of static friction between the 
conical surface and the block of mass m is p, = 0.2, 
determine the minimum constant angular velocity 6 so that 
the block does not slide downwards. 


Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Since 
the block is required to be on the verge of sliding down the conical surface, 
Fr = pxN = 0.2N must be directed up the conical surface. Here, a, is assumed to 
be directed towards the positive r axis. 


Equations of Motion: By referring to Fig. (a), 


+} F,= ma, N cos 45° + 0.2N sin 45° — m(9.81) = m(0)-N = 11.56m 


3 YF, =ma,; 0.2(11.56m) cos 45° — (11.56m) sin 45° = ma, a, = —6.54 m/s? 


Kinematics: Since r = 0.3 mis constant, r = 7 = 0. 
a=7- re? 
—6.54 = 0 — 0.367 


0 = 4.67 rad/s 
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013-93. Ifthe coefficient of static friction between the conical 
surface and the block is 4, = 0.2, determine the maximum 
constant angular velocity 6 without causing the block to slide 
upwards. 


Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Since the 
block is required to be on the verge of sliding up the conical surface, 
Fy = pxN = 0.2N must be directed down the conical surface. Here, a, is assumed to be 
directed towards the positive r axis. 


Equations of Motion: By referring to Fig. (a), 


+f SF,= ma; N cos 45° — 0.2N sin 45° — m(9.81) = m(0) N = 17.34m 


+ SF, = ma,; —17.34m sin 45° — 0.2(17.34m)cos 45° = ma, a, = —14.715 m/s? 


Kinematics: Since r = 0.3 m is constant, r = r = 0. 
a, =7 - r? 
-14.715 = 0 — 0.36 


6 = 7.00 rad/s 
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13-94, If the position of the 3-kg collar C on the smooth rod 
AB is held at r = 720mm, determine the constant angular 
velocity @ at which the mechanism is rotating about the 
vertical axis. The spring has an unstretched length of 400 mm. 
Neglect the mass of the rod and the size of the collar. 


Free-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). The 
force in the spring is given by Fy, = ks = 200( 0.727 + 0.37 — 04) = 70N. 


Here, a, is assumed to be directed towards the positive r axis. 


Equations of Motion: By referring to Fig. (a), 
= ma,; - a, = —23.38 m/s” 
Kinematics: Since r = 0.72 m is constant, r = r = 0. 


a, =F — 10° 


—23.38 = 0 — 0.7267 


6 = 5.70 rad/s 
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13-95. The mechanism is rotating about the vertical axis 
with a constant angular velocity of 9 = 6rad/s. If rod AB 
is smooth, determine the constant position r of the 3-kg 
collar C. The spring has an unstretched length of 400 mm. 
Neglect the mass of the rod and the size of the collar. 


Free-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). The 
force in the spring is given by Fy = ks = 200( Vr? + 0.37 — 04). Here, a, is 


assumed to be directed towards the positive r axis. 


Equations of Motion: By referring to Fig. (a), 
45 YF, = ma,;; -200( VF +03 ~ 04 Joos a = 34, 
However, from the geometry shown in Fig. (b), 


r 


Vr +03 


Thus, Eq. (1) can be rewritten as 


cos a = 


0.4r 
-200( 24} = 3a, 
Kinematics: Since r is constant,r = 7 = 0. 
a= - re? = —r(6) 
Substituting Eq. (3) into Eq. (2) and solving, 


r = 0.8162 m = 816 mm 


39-8 N 


Pap =200( [PF jog -04) N 


(a) 
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*13-96. Due to the constraint, the 0.5-kg cylinder C travels 
along the path described by r = (0.6 cos 0)m. If arm OA 
rotates counterclockwise with an angular velocity of 
@ = 2 rad/s and an angular acceleration of 6 = 0.8 rad/s? at 
the instant 6 = 30°, determine the force exerted by the arm 
on the cylinder at this instant. The cylinder is in contact with 
only one edge of the smooth slot, and the motion occurs in 
the horizontal plane. 


Kinematics: Since the motion of cylinder C is known, a, and ay will be determined 
first. The values of r and the time derivatives at the instant @ = 30° are evaluated 
below. 


0.6 cos 6|p-39° = 0.6 cos 30° = 0.5196 m 


—0.6 sin 66|5—30° = —0.6 sin 30°(2) = —0.6 m/s 


—0.6(cos 067 + sin 66)|,—30° = 0.5 cos 30°(27) + sin 20°08)| = —2.318 m/s” 


Using the above time derivatives, we obtain 


a, = F — r@ = —2.318 — 0.5196(2?) = —4.397 m/s? 
dy = r0 + 270 = 0.5196(0.8) + 2(—0.6)(2) = —1.984 m/s? 


Free-Body Diagram: From the geometry shown in Fig. (a), we notice that a = 30°. 
The free-body diagram of the cylinder C is shown in Fig. (b). 


Equations of Motion: By referring to Fig. (b), 


+72F, = ma,; —N cos 30° = 0.5(—4.397) N = 2.539N 


INS Fy = may, Fog — 2.539 sin 30° = 0.5(-1.984) Fo, = 0.277N_ Ans. 


Kinematics: The values of r and the time derivatives at the instant @ = 30° are 
evaluated below. 
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013-97. The 0.75-lb smooth can is guided along the 
circular path using the arm guide. If the arm has an 
angular velocity 6 = 2 rad/s and an angular acceleration 
6 = 0.4 rad/s? at the instant 9 = 30°, determine the force of 
the guide on the can. Motion occurs in the horizontal plane. 


Cos 6|9=30° = 0.8660 ft 


—sin 66|5—30° = —1.00 ft/s 
—(cos 667 + sin 60)|o=30° = —3.664 ft/s? 
Using the above time derivative, we obtain 


a, = F — r@’ = —3.664 — 0,8660(2?) = —7.128 ft/s” 


dy = r0 + 270 = 0.8660(4) + 2(—1)(2) = —0.5359 ft/s 
Equations of Motion: By referring to Fig. (a), 


0.75 
DF, = ma,; —N cos 30° = 302 (—7.128) N = 0.1917 Ib 


0.75 
Fe = mag; F — 0.1917 sin 30° = 302 (—0.5359) F = 0.0835 lb Ans. 


13-98. Solve Prob. 13-97 if motion occurs in the vertical 
plane. 


Kinematics: The values of r and the time derivatives at the instant 6 = 30° are 
evaluated below. 


r = COS O39» = 0.8660 ft 


r —sin 06|5—30° = —1.00 ft/s 
2 0.5 ft 
—(cos 967 + sin 86)|=30° = —3.664 ft/s? 


Using the above time derivative, we obtain 


a, = F — r@° = —3.664 — 0.8660(2”) = —7.128 ft/s” 
dy = 16 + 270 = 0.8660(4) + 2(-1)(2) = —0.5359 ft/s? 


Equations of Motion: By referring to Fig. (a), 


0.75 
DLF,=ma,; —N cos 30° — 0.75 cos 60° = 39.96 7-128) 


N = —0.2413 Ib 
: : 0.75 
F + 0.2413 sin 30° — 0.75 sin 60° = 37,96 0:9359) 


F = 0.516 Ib 
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13-99. The forked rod is used to move the smooth 
2-Ib particle around the horizontal path in the shape of a 
limacgon, r = (2 + cos @) ft. If at all times 6 = 0.5 rad/s, 
determine the force which the rod exerts on the particle at 
the instant 6 = 90°. The fork and path contact the particle 
on only one side. 


2 + cos 0 
—sin 00 
—cos 66? — sin 60 
Até= 90°, 0 = 0.5 rad/s, and 6 =0 
2 + cos 90° = 2 ft 
—sin 90°(0.5) = —0.5 ft/s 
—cos 90°(0.5)? — sin 90°(0) = 0 


a, =% — 1? = 0 — 2(0.5) = —0.5 ft/s? 


dy = 16 + 270 = 2(0) + 2(—-0.5)(0.5) = —0.5 ft/s? 


r 2+ cosé = 
dr/d6 —sin A | 909° 


tan py = 


63.43° 


2 
+TSF,= ma, —Ncos26.57° = 39(-05) NN = 0.03472 Ib 


2 
&SF,= may, — F — 0.03472 sin 26.57° = 390-05) 


F = —0.0155 lb 
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*13-100. Solve Prob. 13-99 at the instant @ = 60°. 


2 + cos 0 
—sin 00 
—cos 66? — sin 00 
Até= 60°, 0 = 0.5 rad/s, and 6 =0 
2 + cos 60° = 2.5 ft 
—sin 60°(0.5) = —0.4330 ft/s 
—cos 60°(0.5)? — sin 60°(0) = —0.125 ft/s? 


r@? = —0.125 — 2.5(0.5)° = —0.75 ft/s? 


dy = 10 + 270 = 2.5(0) + 2(—0.4330)(0.5) = —0.4330 ft/s? 


r 2+ cosé 


t = =3 
a v dr/dé —sin 0 0=60° 


2.887 yw = —70.89° 


2 
+7XF, = ma,; —N cos 19.11° = 3996-975) N = 0.04930 Ib 


2 
aNd Fo = mag; F — 0.04930 sin 19.11° = 302 (—0.4330) 


F = —0.0108 lb 
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¢13-101. The forked rod is used to move the smooth 
2-lb particle around the horizontal path in the shape of a 
limacon, r = (2 + cos @) ft. If 6 = (0.5¢°) rad, where ¢ is in 
seconds, determine the force which the rod exerts on the 
particle at the instant ¢ = 1 s.The fork and path contact the 
particle on only one side. 


= 2+ cos0 
—sin 60 
F = —cos 06? — sin 00 6 = 1 rad/s? 
Att =15s,0 = 0.5 rad,0 = 1 rad/s, and 6 = 1 rad/s? 
= 2 + cos 0.5 = 2.8776 ft 
; = —sin 0.5(1) = —0.4974 ft/s” 


¥ = —cos 0.5(1)? — sin 0.5(1) = —1.357 ft/s? 


a, = ¥ — r@ = -1.375 — 2.8776(1) = —4.2346 ft/s 
dg = r0 + 270 = 2.8776(1) + 2(—0.4794)(1) = 1.9187 ft/s 


aa r 2 + cos @ 6.002 i 80.54° 
an = = = Seu 
dr/do —sin 6 |g9=05 rad 


2 
b7ZF, = ma; —N cos 9.46° = =->(-4.2346) N= 0.2666 Ib 


2 
-NEFy = may, F — 0.2666 sin 9.46° = 3 (1.9187) 


F = 0.163 Ib 


O=0.5 racl= 28-65" 
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13-102. The amusement park ride rotates with a constant 
angular velocity of 9 = 0.8rad/s. If the path of the ride is 
defined by r= (3sin@+5)m and z= (3cos@)m, = 6 = 0.8 rad/s 
determine the r, 6, and z components of force exerted by é' 
the seat on the 20-kg boy when 6 = 120°. 


Kinematics: Since the motion of the boy is known, a,, ay, and a, will be determined 
first. The value of r and its time derivatives at the instant 6 = 120° are 


r = (3sin@ + 5)|p-129° = 3 sin 120° + 5 = 7.598 m 
# = 3.CO8 O6|p—199° = 3 cos 120°(0.8) = —1.2 m/s 
F = 3(cos 66 — sin 6P )lo~iae 
= 3 cos 120°(0) — sin 120°(0.8?)] = —1.663 m/s? 
Using the above time derivatives, we obtain z 


G_= 6.526m/e | 
a, = ¥ — 10’ = —1.663 — 7.598(0.8°) = —6.526 m/s” 


209.81) N 

ag = 10 + 270 = 7.598(0) + 2(-1.2)(0.8) = —1.92 m/s? FE 
Qy> 1-42 mfp 

z= 3cosém z = —3 sin 00 m/s a a 


a, = Z = —3(sin 66 + cos 66”) = —3[sin 120°(0) + cos 120°(0.87) | =0:9b mfg 
0=120° 


= 0.96 m/s” 
Equations of Motion: By referring to the free-body diagram of the boy shown in Fig. (a), 


SF, = ma,; F, = 20(—6.526) = -131N Ans. 


ZF, = mag; F, = 20(-1.92) = -38.4N Ans. 
ZF, = ma,; F, — 20(9.81) = 20(0.96) F, = 215N Ans. 


Note: The negative signs indicate that F, and Fy act in the opposite sense to those 
shown on the free-body diagram. 
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13-103. The airplane executes the vertical loop defined by 
r? = [810(10°)cos 26] m*. If the pilot maintains a constant 
speed v = 120m/s along the path, determine the normal 
force the seat exerts on him at the instant 6 = 0°. The pilot 
has a mass of 75 kg. 


? = [810(103) cos 2 6]m? 


Kinematics: Since the motion of the airplane is known, a, and ag will be determined 
first. The value of r and 6 at @ = 0° are 


r* = 810(10°) cos 26lo=9 = 810(105) cos 0° 


r = 900m 


2rr = —810(10°) sin 26(26) 


_ =810(103) sin 200 —810(105) sin 0°0 : 
Zs Es - 


rf + i = —810(10°)[sin 266 + 2 cos 2667| 


_ ~810(10%)[sin 266 + 2 cos 2067] — i 
_ 


r 0=0° 
—810(10°)| sin 0°6 + 2 cos 0°6?] — 0 
900 


= —180067 


The radial and transversal components of the airplane’s velocity are given by 


vy.=r=0 Vp = r6 = 9000 


v= Vg 
120 = 9000 
6 = 0.1333 rad/s 
Substituting the result of 6 into 7, we obtain 
7 = —1800(0.1333") = —32 m/s” 
Since v = vg and v are always directed along the tangent, then the tangent of the 


path at @ = 0° coincide with the @ axis, Fig. (a). As a result ay = a, = 0, Fig. (b), 
because v is constant. Using the results of f and 0, we have 


a, = ¥ — r@? = —32 — 900(1.13337) = —48 m/s? 


Equations of Motion: By referring to the free-body diagram of the pilot shown in 
Fig. (c), 


+TSF, = ma,; —N — 75(9.81) = 75(—48) 
N = 2864.25 N = 2.86 kN ; 75(9-81) N 
() 
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*13-104. A boy standing firmly spins the girl sitting on a 
circular “dish” or sled in a circular path of radius rp = 3m 
such that her angular velocity is 0) = 0.1 rad/s. If the attached 
cable OC is drawn inward such that the radial coordinate r 
changes with a constant speed of 7 = —0.5 m/s, determine 
the tension it exerts on the sled at the instant r = 2 m.The sled 
and girl have a total mass of 50 kg. Neglect the size of the girl 
and sled and the effects of friction between the sled and ice. 
Hint: First show that the equation of motion in the 6 
direction yields ag = r@ + 270 = (1/r) d/dt(r’@) = 0. When 
integrated, re@=C , where the constant C is determined from 
the problem data. 


Equations of Motion: Applying Eq.13-9, we have 
DF = mag; 0 = 50(r6 + 276) 


1 d(r°0) 


| 
(r6 | 270) ee =0 .E.D. 50GB) N 


d 6) . . : 
Thus, jee = C.Then,r* 6 = C.Atr = rp = 3m,0 = 0 = 0.1 rad/s. 


Hence, r = 2m, we ) 
(27) = (3°)(01) 6 = 0.225 rad/s <—_! - 


Here,7 = —0.5 m/s and? = 0. Applying Eqs. 12-29, we have 


a, = ¥ — 1 = 0 — 2(0.2257) = —0.10125 m/s” 


Atr =2m,¢ = tan ! (3) = 26.57°. Then 


—T cos 26.57° = 50(—0.10125) 


T = 5.66N 
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13-105. The smooth particle has a mass of 80g. It is 
attached to an elastic cord extending from O to P and due to 
the slotted arm guide moves along the horizontal circular 
path r=(08siné)m. If the cord has a stiffness 
k = 30 N/m and an unstretched length of 0.25 m, determine 
the force of the guide on the particle when 6 = 60°. The 
guide has a constant angular velocity 9 = 5 rad/s. 


r = 0.8 sin 6 
0.8 cos 6 6 
—0.8 sin 6 (8)? + 0.8 cos 60 
0 
Ato = 60°, r = 0.6928 
2 


17,321: 


(0° = 17.321 — 0.6928(5)° = —34.641 


270 = 0 + 2(2)(5) = 20 


F, = ks; F, = 30(0.6928 — 0.25) = 13.284 N 


7+SF,=ma,,  —13.284 + Npcos 30° = 0.08(—34.641) 
\+5F,= may, F — Npsin30° = 0.08(20) 
F =767N 


Np = 12.1N 
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13-106. Solve Prob. 13-105 if 6 = 2 rad/s” when @ = 5 rad/s 
and 6 = 60°. 


r = 0.8 sin @ 


7 = 0.8 cos 66 


7 = —0.8 sin 6 (6)° + 0.8 cos 60 


2 
At @ = 60°, r = 0.6928 
r=2 
—16.521 


(0° = -16.521 — 0.6928(5)* = —33.841 


dg = 10 + 270 = 0.6925(2) + 2(2)(5) = 21.386 


F, = ks; F, = 30(0.6928 — 0.25) = 13.284N 


J+SF,= ma, —13.284 + Np cos 30° = 0.08(—33.841) 
+\ZF, = may,  F — Npsin30° = 0.08(21.386) 
F = 7.82N 


Np = 12.2N 
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13-107. The 1.5-kg cylinder C travels along the path 
described by r= (0.6sin@)m. If arm OA _ rotates 
counterclockwise with a constant angular velocity of 
§ = 3rad/s, determine the force exerted by the smooth slot 
in arm OA on the cylinder at the instant 6 = 60°. The spring 
has a stiffness of 100 N/m and is unstretched when 6 = 30°. 
The cylinder is in contact with only one edge of the slotted 
arm. Neglect the size of the cylinder. Motion occurs in the 


horizontal plane. r = 0.6 sin 0 


Kinematics: Since the motion of cylinder C is known, a, and ag will be determined first. 
The values of r and its time derivatives at the instant 6 = 60° are evaluated below. 


r = 0.6 sin 6|9—~60° = 0.6 sin 60° = 0.5196 m 


r = 0.6 cos 06| 960° = 0.6 cos 60°(3) = 0.9 m/s 


7 = 0.6(cos 06 — sin a) = 0.6 cos 60°(0) — sin 00°(3?)| = —4.677 m/s” 
0=60° 


Using the above time derivatives, 


a, = ¥ — r@° = —4.677 — 0.5196(3?) = —9.353 m/s? 

dy = r0 + 270 = 0.5196(0) + 2(0.9)(3) = 5.4 m/s? 
Free-Body Diagram: From the geometry shown in Fig. (a), we notice that a = 30°. 
The force developed in the spring is’ given by Fy=ks 
= 100(0.6 sin 60° — 0.6 sin 30°) = 21.96 N. The free-body diagram of the cylinder 
C is shown in Fig. (b). 
Equations of Motion: By referring to Fig. (a), 
+/7XF, = may; N cos 30° — 21.96 = 1.5(—9.353) 

N = 9.159 N 

\+ Fo = : Fo, — 9.159 sin 30° = 1.5(5.4) 


Foa = 12.68N = 12.7N 
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*13-108. The 1.5-kg cylinder C travels along the path 
described by r = (0.6sin@)m. If arm OA is rotating 
counterclockwise with an angular velocity of 9 = 3rad/s, 
determine the force exerted by the smooth slot in arm OA on 
the cylinder at the instant 6 = 60°. The spring has a stiffness 
of 100 N/m and is unstretched when @ = 30°. The cylinder is 
in contact with only one edge of the slotted arm. Neglect the 
size of the cylinder. Motion occurs in the vertical plane. 
r= 0.6 sin 6 
Kinematics: Since the motion of cylinder C is known, a, and ag will be determined first. 
The values of r and its time derivatives at the instant 0 = 60° are evaluated below. 


r = 0.6 sin 6|p—692 = 0.6 sin 60° = 0.5196 m 


r = 0.6 cos | 560° = 0.6 cos 60°(3) = 0.9 m/s 


7 = 0.6(cos 66 — sin 0(8) ) = 0.6 cos 60°(0) — sin 00°(3?)| = —4.677 m/s” 
0=60° 


Using the above time derivatives, 


a, = % — r@’ = —4.677 — 0.5196(3?) = —9.353 m/s? 


t 


dy = r0 + 276 = 0.5196(0) + 2(0.9)(3) = 5.4 m/s? 
Free-Body Diagram: From the geometry shown in Fig. (a), we notice that a = 30° 
and 6 = 30°. The force developed in the spring is given by F,, = ks 
= 100(0.6 sin 60° — 0.6 sin 30°) = 21.96 N. The free-body diagram of the cylinder 
C is shown in Fig. (b). 
Equations of Motion: By referring to Fig. (a), 
+7XF, = ma,; N cos 30° — 21.96 — 1.5(9.81) cos 30° = 1.5(—9.353) 

N = 23.87N 
\+2 Fo Fo, — 1.5(9.81) sin 30° — 23.87 sin 30° = 1.5(5.4) 


Foa = 274N 


e13-109. Using air pressure, the 0.5-kg ball is forced to 

move through the tube lying in the horizontal plane and 

having the shape of a logarithmic spiral. If the tangential 

force exerted on the ball due to air pressure is 6 N, 

determine the rate of increase in the ball’s speed at the a 

instant 0 = 7/2. Also, what is the angle y from the extended y= 0.2¢0:18 
radial coordinate r to the line of action of the 6-N force? 


ro. Doe a4 y= 843° 0-5 69-8) 
dr/d0_0.02e°!8 aes 


tan py = 


=F, = ma; 6 = 0.54, a, = 12 m/s? 
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13-110. The tube rotates in the horizontal plane at a 
constant rate of 6 = 4 rad/s. If a 0.2-kg ball B starts at the 
origin O with an initial radial velocity of r = 1.5 m/s and 
moves outward through the tube, determine the radial and 
transverse components of the ball’s velocity at the instant it 
leaves the outer end at C, r=0.5m. Hint: Show that 
the equation of motion in the r direction is 7 — 16r = 0. 
The solution is of the form r = Ae + Be’. Evaluate the 
integration constants A and B, and determine the time ¢ 
when r = 0.5 m. Proceed to obtain v, and vp». 


0 = 0.2[% - r(4y’] 
r— 16r=0 
Solving this second-order differential equation, 
r= Ae“ + Be* 
7+ = —4Ae™ + 4Be* 
Att =0,r=0,7r = 1.5: 


1.5 
0=A+B = 
4 


A = —0.1875 B = 0.1875 
From Eq. (1) atr = 0.5m, 
0.5 = 0.1875(-e* + e) 


266F (ae ee) 
2 2 


1.333 = sin h(4f) 
i emes err 
t= qon h “(1.333) t = 0.275s 


Using Eq. (2), 


7 = 4(0.1875)(e* + e*) 


= so.is7s( <=“) = 8(0.1875)(cos h(4t)) 


Att = 0.275s: 
r = 1.5 cos h[4(0.275)] 
v, = r = 2.50 m/s 


Vg = 10 = 0.5(4) = 2m/s 
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13-111. The pilot of an airplane executes a vertical 
loop which in part follows the path of a cardioid, 
r = 600(1 + cos 6) ft. If his speed at A (@=0°) is a 
constant vp = 80 ft/s, determine the vertical force the 
seat belt must exert on him to hold him to his seat when 
the plane is upside down at A. He weighs 150 lb. r = 600 (1 + cos 6) ft 


600(1 + cos 6)|g-9° = 1200 ft 


= —600 sin 06|4-o° = 0 


—600 sin 66 — 600 cos 667|p-9 = —6006" 


2 
(80)? = 0 + (12000 6 = 0.06667 


QVpVp = 2rr + 2( rb) (50 + ri) 
0=0+0+2°006 6=0 


a, = ¥ — r@ = —600(0.06667)? — 1200(0.06667)* = —8 ft/s? 


dp = 10+ 276 =0+0=0 


150 


+ = ; = = 
TSF, = ma;  N — 150 & 


)es) N = 1131b 


*13-112. The 0.5-lb ball is guided along the vertical circular 
path r = 2r,cos@ using the arm OA. If the arm has an 
angular velocity @ = 0.4 rad/s and an angular acceleration 
6=08 rad/ s? at the instant 9 = 30°, determine the force of 
the arm on the ball. Neglect friction and the size of the ball. 
Setr, = 0.4 ft. 


2(0.4) cos 9 = 0.8 cos 0 
—0.8 sin 00 
—0.8 cos 06 — 0.8 sin 00 
At 6 = 30°,6 = 0.4 rad/s, and 6 = 0.8 rad/s” 
r = 0.8 cos 30° = 0.6928 ft 
—0.8 sin 30°(0.4) = —0.16 ft/s 


—0.8 cos 30°(0.4)* — 0.8 sin 30°(0.8) = —0.4309 ft/s? 


= 7 — ré? = —0.4309 — 0.6928(0.4)? = —0.5417 ft/s? 


dg = r0 + 270 = 0.6928(0.8) + 2(—0.16)(0.4) = 0.4263 ft/s? 


0.5 
+/7XF, = ma,; N cos 30° — 0.5 sin 30° = 39.9 (05417) N = 0.2790 Ib 


0.5 
\+EFy = mag, Fo, + 0.2790 sin 30° — 0.5 cos 30° = 35 (0.4263) 
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¢13-113. The ball of mass m is guided along the vertical 
circular path r = 2r, cos 6 using the arm OA. If the arm has 
a constant angular velocity 0, determine the angle 6 = 45° 
at which the ball starts to leave the surface of the 
semicylinder. Neglect friction and the size of the ball. 


= 2r,.cos 0 


—2r, sin 60 
= —2r,.cos 667 — 2r, sin 60 
Since 6 is constant, 6 = 0. 


a,=7 r@? = —2r, cos 608 — 2r, cos 062 = —4r, cos 062 


+/7>F, = ma,; —mg sin 6 = m(—4r, cos 063) 


4r. 62 4r. 62 
tan 0 = ce 6 = ton( #24 


13-114. The ball has a mass of 1 kg and is confined to 
move along the smooth vertical slot due to the rotation of 
the smooth arm OA. Determine the force of the rod on the 
ball and the normal force of the slot on the ball when 
6 = 30°. The rod is rotating with a constant angular velocity 
6 = 3 rad/s. Assume the ball contacts only one side of the 
slot at any instant. 


Kinematics: Here, 0 = 3 rad/s and 6=0. Taking the required time derivatives at 
06 = 30°, we have 


0.5 
r= = 0.5774m 
COS 6} 9=30° 


.  OSsine - . 
r= 8 = 0.5 tan @ sec 00 1.00 m/s 
cos’ 0 0=30° 


r= 0. tan sec 00 + (sec? 6 + tan@ sec 6) | = 8.660 m/s” 
0=30° 


Applying Egs. 12-29, we have 


a, = F — 10° = 8.660 — 0.5774(3?) = 3.464 m/s” 
dy = 0 + 270 = 0.5774(0) + 2(1.00)(3) = 6.00m/s? 
Equations of Motion: 
\+ DF, = ma,; Ncos 30° — 1(9.81) sin 30° = 1(3.464) 
N = 9.664N = 9.66N 
+7DF, = may; Fo4 — 1(9.81) cos 30° — 9.664 sin 30° = 1(6.00) 


Foa = 19.3N 
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13-115. Solve Prob. 13-114 if the arm has an angular 
acceleration of @ = 2 rad/s* when 6 = 3 rad/s at 9 = 30°. 


Kinematics: Here, 6 = 3 rad/s and 6=2 rad/s’. Taking the required time 
derivatives at 9 = 30°, we have 


0.5 
r= = 0.5774 m 
COS 8 | g=30° 


. O5siné- . 
r= ee 8 = 0.5 tan 0 sec 60 = 1.00 m/s 
cos“é 0=30° 


r= 05| tan 0 sec 00 + (sec? 6 + tan7@ sec 0) - = 9.327 m/s” 
6=30° 


Applying Eqs. 12-29, we have 


a, = F — r@° = 9.327 — 0.5774(3?) = 4.131 m/s? 


dy = 10 + 270 = 0.5774(2) + 2(1.00)(3) = 7.155 m/s” 
Equations of Motion: 
SF, =ma,, Neos 30° — 1(9.81)sin 30° = 1(4.131) 
N = 10.43N = 104N 
Fo4 — 1(9.81)cos 30° — 10.43 sin30° = 1(7.155) 


Foa = 20.9N 
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*13-116. Prove Kepler’s third law of motion. Hint: Use 
Egs. 13-19, 13-28, 13-29, and 13-31. 


From Eq. 13-19, 


GM, 
he 


tact 
Yq 


Eliminating C, from Eqs. 13-28 and 13-29, 


2a 2GM, 


Pe PR 
From Eq. 13-31, 


* (2a)(b) 
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e13-117. The Viking explorer approaches the planet Mars 
on a parabolic trajectory as shown. When it reaches point A its 
velocity is 10 Mm/h. Determine rp and the required velocity 
at A so that it can then maintain a circular orbit as shown. The 
mass of Mars is 0.1074 times the mass of the earth. 


When the Viking explorer approaches point A on a parabolic trajectory, its velocity 
at point A is given by 


2GM y 
VA = 1 


3600 s ro 


ro = 11.101(10°) m = 11.1 Mm Ans. 


When the explorer travels along a circular orbit of ro = 11.101(10°) m, its velocity is 


(em eS) 
sit aa 
= ro 11.101(105) 


= 1964.19 m/s 
Thus, the required sudden decrease in the explorer’s velocity is 
Av, =V,a — Var 


= 1001052) — 1964.19 


= 814m/s 
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13-118. The satellite is in an elliptical orbit around the 
earth as shown. Determine its velocity at perigee P and 
apogee A, and the period of the satellite. 


= ry = 2(10°) + 6378(10°) = 8.378(10°) m 


Tq = 8(10°) + 6378(10°) 


= 14.378(10°) m 


es 
«~ 2GM, 
-—1 


r 0% 


r 


8.378(10°) 
2(66.73)(107 !7)(5.976)(1074) 
8.378(10°) v2 


14.378(10°) = 


Vp = Vo = 7755.53 m/s = 7.76 km/s 
Using the result of v,,, we have 


Pp = Tava 
8.378(10°)(7755.53 m/s) = 14.378(10°)v, 


= v, = 4519.12 m/s = 4.52 km/s 


rp Vp = 8.378(10°)(7755.53) 


64.976(10°) m/s 


7 


~ 64.976(10°) 


[8.378(10°) + 14.378(10°) | V'8.378(10°)(14.378)(10%) 


= 12 075.71 s = 3.35 hr Ans. 
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13-119. The satellite is moving in an elliptical orbit with an 
eccentricity e = 0.25. Determine its speed when it is at its 
maximum distance A and minimum distance B from the earth. 


where ry = rp = 2(10°) + 6378(10*) = 8.378(10°) m. 


66.73(107'7)(5.976)(1074)(0.25 + 1 
Vp =Vo= “| ( i earl Ms 7713 m/s = 7.71 km/s 


8.378(10°) 
ro 7 8.378(10°) 
2(66.73)(107 !*)(5.976)(1074) 
8.378(10°) (7713) 
_ 8.378(10°) 
13.96(10°) 


= 13.96(10°) m 


(7713) = 4628 m/s = 4.63 km/s 
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*13-120. The space shuttle is launched with a velocity of 1500 mi 
17 500 mi/h parallel to the tangent of the earth’s surface at 
point P and then travels around the elliptical orbit. When 
it reaches point A, its engines are turned on and its 
velocity is suddenly increased. Determine the required 
increase in velocity so that it enters the second elliptical 
orbit. Take G = 34.4(107”) ft*/lb-s*, M, = 409(10*1) slug, 
and r, = 3960 mi, where 5280 ft = mi. 


For the first elliptical orbit, 


5280 ft 


) = 28.8288(10°) ft 
1 mi 


rp = 1500 + 3960 = (5460 mi( 


mi \/ 5280 ft th 
Vp = (17500 n!)( fini \(GA,) 25 666.67 ft/s 


Using the results of ts and Vip 


hp 28.8288(10°) 
ic a 2(34.4)(10-°)(409)(107!) 
rp Vp 28.8288(10°)(25666.67°) 
= 59.854(10°) ft/s 


rq > 


Since h = rp vp = 28.8288(10°)(25666.67) = 739.94(10°) ft/s is constant, 
TqgVqg=h 
59.854(10°)v, = 739.94(10°) 
Vq = 12 362.40 ft/s 
When the shuttle enters the second elliptical orbit, rp’ = 4500 + 3960 = 


5280 ft 
8460 mi( Tan = 44.6688(10°) ft andr,’ = rz = 59.854(10°) ft. 


44.6688(10°) 
2(34.4)(107°)(409)(107') 


2 
44.6688(10°)( v9" 


59.854(10°) = 


vp’ = 18 993.05 ft/s 


Since h’ = rp’ vp’ = 44,6688(10°)(18 993.05) = 848.40(10”) ft?/s is constant, 
rq’ Va =h' 
59.854(10°)v,’ = 848.40(107) 
Vq = 14174.44 ft/s 
Thus, the required increase in the shuttle’s speed at point A is 
Ava = Va — V4 = 14174.44 — 12 362.40 


= 1812.03 ft/s = 1812 ft/s 
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e13-121. Determine the increase in velocity of the space 
shuttle at point P so that it travels from a circular orbit to an 
elliptical orbit that passes through point A. Also, compute 
the speed of the shuttle at A. 


When the shuttle is travelling around the circular orbit of radius 
ro = 2(10°) + 6378(10°) = 8.378(10°) m, its speed is 


GM : —12 ; 24 
Me J = NES 73(107")(5.976)(10") _ e094 an 
Yo 8.378(10°) 


When the shuttle enters the elliptical orbit, r, =r, = 8.378(10°) m_ and 
Tq = 8(10°) + 6378(10°) = 14.378(10°) m. 


r 


= 
2GM, 
= 4 


rg = 


8.378(10°) 
2(66.73)(107 1*)(5.976)(1074) 
8.378(10°)v,,7 


14.378(10°) = 


Vp = 7755.54 m/s 


Thus, the required increase in speed for the shuttle at point P is 


Av, = Vp — Vo = 7755.54 — 6899.15 = 856.39 m/s = 856 m/s 


Since h = rp Vp) = 8.378(10°)(7755.54) = 64.976(10°) m?/s is constant, 


14,378(10°)v, = 64.976(10") 


va = 4519.11 m/s = 4.52 km/s 


13-122. The rocket is in free flight along an elliptical 
trajectory A’A. The planet has no atmosphere, and its 
mass is 0.60 times that of the earth. If the orbit has the 
apoapsis and periapsis shown, determine the rocket’s velocity 
when it is at point A. Take G = 34.4(10-”)(Ib- ft”)/slug’, 


M. = 409(107") slug, 1 mi = 5280 ft. ; 
r = 2000 mi 


ro = OA = (4000)(5280) = 21.12(10°) ft 


OA' = (10 000)(5280) = 52.80(10°)ft 


Mp = (409( 1071) )(0.6) = 245.4(107) slug 


OA 


OA! = —— 
ee 


2(34.4)(107°)(245.4)(107!) 


51,12 
21.12009( + 1) 


vo = 


vp = 23.9(10°) ft/s 
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13-123. Ifthe rocket is to land on the surface of the planet, 
determine the required free-flight speed it must have at A’ 
so that the landing occurs at B. How long does it take for the 
rocket to land, in going from A’ to B? The planet has no 
atmosphere, and its mass is 0.6 times that of the earth. 
Take G = 34.4(10°°)(Ib- ft”)/slug?, M, = 409(1071) slug, ; 
1 mi = 5280 ft. _ 200m 


Mp = 409(10?')(0.6) = 245.4(107') slug = S000 $= 10000 mt 
OA' = (10 000)(5280) = 52.80(10°) ft OB = (2000)(5280) = 10.56(10°) ft 
OB 
2GMp 
- 1 
OBvo 


2GM p 2(34.4(107°))245.4(107) 
Vo = a 


OB 10.56 
+ ; 6)f + 
oa( £ ; 1) 10.56(10 (Sx 1) 


Vo = 36.50( 10°) ft/s (speed at B) 


OA' = 


_ 10.56(10°)36.50(10°) 
52.80(10°) 


VA’ 


var = 7.30(10°) ft/s 


T = | (OB + OA’) V(OB)\(OA’') 


h = (OB)(vo) = 10.56(10°)36.50(10°) = 385.5(10°) 


Thus, 


_ 7(10.56 + 52.80)(10°) 
385.5(10”) 


(-V'(10.56)(52.80))( 10°) 


T = 12.20(10°) s 


— 6.10(10°) s = 1.69h 
2 
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*13-124. A communications satellite is to be placed into 
an equatorial circular orbit around the earth so that it 
always remains directly over a point on the earth’s surface. 
If this requires the period to be 24 hours (approximately), 
determine the radius of the orbit and the satellite’s velocity. 


GM, 2ar 7 
r | 24(3600) 
66.73(107 !”)(5.976)(10"*) 
27 7 
Procnth 


3 
r 


r = 42,25(10°) m = 42.2 Mm 


__ 2m(42.25)(10°) 
24(3600) 


= 3.07 km/s 


e13-125. The speed of a satellite launched into a 
circular orbit about the earth is given by Eq. 13-25. 
Determine the speed of a satellite launched parallel to 
the surface of the earth so that it travels in a circular orbit 
800 km from the earth’s surface. 


For a 800-km orbit 


7 1 enao er90" 
Vo (800 + 6378)(10°) 


= 7453.6 m/s = 7.45 km/s 
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13-126. The earth has an orbit with eccentricity 
e = 0.0821 around the sun. Knowing that the earth’s 
minimum distance from the sun is 151.3(10°) km, find the 
speed at which a rocket travels when it is at this distance. 
Determine the equation in polar coordinates which 
describes the earth’s orbit about the sun. 


Ch’ 1 GM; 
e= GM, where aera 2s and n= row 


1 S 
e= 1 
GMs 1 Tov 


GMs (e + 1) 
Uo = ro 


«| Sao one + 1) 
a 151.3(10°) 


= 30818 m/s = 30.8 km/s Ans. 


1 GM; GMs; 
1 7 }cos é a9 
Yo To VO TQUO 


1 ( Ea) _ 66.73(10 7) (1.99)(10°°) 
151.3(10°) 151.3(10°)(30818) [151.3(10°) (30818)? 


0.502(107 17) cos @ + 6.11(107!”) Ans. 


13-127. A rocket is in a free-flight elliptical orbit about the 
earth such that the eccentricity of its orbit is e and its perigee 
is 7. Determine the minimum increment of speed it should 
have in order to escape the earth’s gravitational field when it 
is at this point along its orbit. 


To escape the earth’s gravitational field, the rocket has to make a parabolic 
trajectory. 


Parabolic Trajectory: 
|2GM, 
Ve = ,./—_—_ 
"0 
Elliptical Orbit: 


= where C = — 
is GM, Yo 


cr 1 (: _ GM, 


¢) and = 10 Vo 


TQU0 


GM, 
2 Jer 0 Up)” 


TQ VO 


av = [7M (Gee. [Pe (v2 Vie) 
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*13-128. A rocket is in circular orbit about the earth at an 
altitude of h = 4 Mm. Determine the minimum increment 
in speed it must have in order to escape the earth’s 
gravitational field. 


Circular Orbit: 
| 66.73(10° !7)5.976(1074 
Vo= CM. | ( 2 23166 ~) = 6198.8 m/s 
ro 4000(10°) + 6378(10°) 
Parabolic Orbit: 


—12 24 
y, =, [2M ~ een )5.976(10 arr /s 
Vr 4000(10°) + 6378(10%) 


Av = » — ve = 8766.4 — 6198.8 = 2567.6 m/s 


Av = 2.57 km/s 


¢13-129. The rocket is in free flight along an elliptical 
trajectory A’ A. The planet has no atmosphere, and its mass 
is 0.70 times that of the earth. If the rocket has an apoapsis 
and periapsis as shown in the figure, determine the speed of 
the rocket when it is at point A. 


Yo 


(2GM/ro v)-1 


Central-Force Motion: Use r, = ,with r9 = rp = 6(10°) m and 


M = 0.70M,, we have 


9(10°) = 6(10)° 
2(66.73) (107!”) (0.7) [5.976(10**)] 
eu) 
up = 7471.89 m/s = 7.47 km/s 
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13-130. If the rocket is to land on the surface of the 
planet, determine the required free-flight speed it must 
have at A’ so that it strikes the planet at B. How long does 
it take for the rocket to land, going from A’ to B along an 
elliptical path? The planet has no atmosphere, and its mass 
is 0.70 times that of the earth. 


ro 
(2GM/r) v3 ) - 1 
= 3(10°) m,and M = 0.70M,. We have 


Central-Force Motion: Use r4 = 


, with r4 = 9 (10°) m, ’o = rp 


3(10°) 
eae ee ‘ 
3(10°)v 
vp = 11814.08 m/s 


9(10°) = 


Applying Eq. 13-20, we have 


3(10° 
@z = ( |aisi409 = 3938.03 m/s = 3.94 km/s Ans. 
TA 9(10°) 


Eq. 13-20 gives h = rp vp = 3(10°) (11814.08) = 35.442(10°) m/s. Thus, applying 
Eq.13-31, we have 


T =F (rp +1) Veera 


= 34a © * 3) (10°)]V 300%) 9 10" 


= 5527.03 s 


The time required for the rocket to go from A’ to B (half the orbit) is given by 


t= : = 2763.51s = 46.1 min Ans. 
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13-131. The satellite is launched parallel to the tangent of 
the earth’s surface with a velocity of v) = 30 Mm/h from an oe ioe 
altitude of 2 Mm above the earth as shown. Show that the 
orbit is elliptical, and determine the satellite’s velocity when 
it reaches point A. 


ro = 2(10°) + 6378(10 3) = 8.378(10°) m 


Yo = [30105 *]( 2) = 8333.33m/s 
, h |\3600 s 


h = rovo = 8.378(10°)(8333.33) = 69.817(10°) m2/s 


7 1 [ eee | 
8.378(10°) 8.378(10°)(8333.337) 


37.549(10-°) m™ 
The eccentricity of the satellite orbit is given by 


Ch? 37.549(10™°)| 69.817(10°) }? 
GM, __ 66.73(10"'”)(5.976)(10*4) 


0.459 


e= 


Since e < 1, the satellite orbit is elliptical (Q.E.D.).r = r4 at 6 = 150°, we obtain 


1 GM, 
Pon C cos 6 + Re 


66.73(10°!7)(5.976)(10") 
[ 69.817(10°) 


1 
— = 37.549(10-°) cos 150° 4 
ra 


ra = 20.287(10°) m 
Since h is constant, 
Tava =h 
20.287(10°)v.4 = 69.817(107) 


V4 = 3441.48 m/s = 3.44 km/s 
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*13-132. The satellite is in an elliptical orbit having an 
eccentricity of e = 0.15. If its velocity at perigee is 
vp = 15Mm/h, determine its velocity at apogee A and the 
period of the satellite. 


1h 
Here, vp = 15009 a(t) = 4166.67 m/s. 


h =rpvp 


h = rp (4166.67) = 4166.67r, 


rp Vp- 


a GM, 


66.73(10 |”)(5.976)(1074) 
rp(4166.677) 


7220) 


'p 


22.97(10°) 5 
1 : (4166.67 rp) 
P 


66.73(107!7)(5.976)(10"4) 


r 
015=— 


rp = 26.415(10°) m 
Using the result of r, 


lp 
~ 2GM, 
oe 
l'pVp 
26.415(10°) 
2(66.73)(107'”)(5.976) (1074) 


26.415(10°)(4166.67°) 
= 35.738(10°) m 


Since h = rp vp = 26.415(10°)(4166.677) = 110.06(10°) m/s is constant, 
rava=h 
35.738(10°)v,, = 110.06(107) 
V4 = 3079.71 m/s = 3.08 km/s 


Using the results of h,r,, and rp, 


(7p TF ra)Vrpra 


aaa a RTs) [26.415(10°) + 35.738(10°) |V26.415(10°)(35.738)(10°) 


54 508.43 s = 15.1 hr Ans. 
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¢13-133. The satellite is in an elliptical orbit. When it is at 
perigee P, its velocity is yp = 25Mm/h, and when it reaches 
point A, its velocity is v4 = 15Mm/h and its altitude above 
the earth’s surface is 18 Mm. Determine the period of the 
satellite. 


Here, ee th 
va = 15(109)2 |( <2) = 4166.67 m/s 
and 
ra = 18(10°) + 6378(10°) = 24.378(10°) m 
h = r4vq|24.378(10°) |(4166.67) = 101.575(10°) m?/s 


1th 
Since h is constant and vp = 25(10 att) = 6944.44 m/s, 


rpVp=h 
rp (6944.44) = 101.575(10°) 
rp = 14.6268(10°) m 

Using the results of h,r,, and rp, 


T= a (rp + ta) Veer 


7 


101.575( 10°) 


[14.6268(10°) + 24.378( 10°) | V'14.6268(10°)(24.378)(10°) 


430158.48s = 119h Ans. 


13-134. A satellite is launched with an initial velocity 
Yj = 4000 km/h parallel to the surface of the earth. 
Determine the required altitude (or range of altitudes) 
above the earth’s surface for launching if the free-flight 
trajectory is to be (a) circular, (b) parabolic, (c) elliptical, 
and (d) hyperbolic. 


_ 4000(10°) 
~ 3600 


1) 


= 1111 m/s 


(a) For circular trajectory, e = 0 


GM, (66.73)(107 7)(5.976)(10") 
we (1111) 


ro = = 323(10°) km 


r = ro — 6378 km = 317(10°) km = 317 Mm Ans. 


(b) For parabolic trajectory, e = 1 


2GM, 2GM, 2(66.73)(107 )(5.976)(10") 
U0 SAPS ro = Wi5 om 2 
ro vo 1111 


= 646(10°) km 
r = ro — 6378 km = 640(10°) km = 640 Mm Ans. 
(c) For elliptical trajectory, e < 1 
317 Mm < r < 640 Mm 
(d) For hyperbolic trajectory, e > 1 


r > 640 Mm 
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13-135. The rocket is in a free-flight elliptical orbit about 
the earth such that e = 0.76 as shown. Determine its speed 
when it is at point A. Also determine the sudden change in 
speed the rocket must experience at B in order to travel in 
free flight along the orbit indicated by the dashed path. 


Ch’ 1 GM, 
°= GM. where c=+(1- 7M) and b= 


GM, 
2 Jer vo)” 


TQ VO 


To VG 


Substituting Eq.(1) into (2) yields: 


From Eq.(1), 


GM, 1 _ [GM(e+ 1) 
ro v6 e+l oe To 


66.73(107'*)(5.976)(1074)(0.76 + 1 
m= w= ( ¢ 10") ) _ 8831 m/s 


9(10°) 
9(10°) 
~ 13(10°) 


(8831) = 6113 m/s = 6.11 km/s 


From Eq.(3), 


7 ro (e + 1) 


; 
e 1l-e 


8(10°)(e + 1) 


e = 0.05882 
l-e 


9(10)° = 


From Eq. (1), 


GM, 1 [GM. (e + 1) 
= vo = 
rp9up etl ro 


acute | So SONI (0.05882 1) 
nee 8(10°) 


= 7265 m/s 


lp 8(10°) 
Eyes ines 
ra © 9(10°) 


(7265) = 6458 m/s 


Avg = 6458 — 8831 = —2374 m/s = —2.37 km/s 
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*13-136. A communications satellite is in a circular orbit 
above the earth such that it always remains directly over a 
point on the earth’s surface. As a result, the period of the 
satellite must equal the rotation of the earth, which is 
approximately 24 hours. Determine the satellite’s altitude h 
above the earth’s surface and its orbital speed. 


The period of the satellite around the circular orbit of radius 
rm=hrr. = [A + 6.378(10°) | m is given by 


_ 2771 o 


Vs 


2n|h + 6.378(10°)| 


Vv 


24(3600) = 


2n[h + 6.378(10°) 
86.4(10°) 


(1) 


Vs = 


The velocity of the satellite orbiting around the circular orbit of radius 
rmo=hrre = [a + 6.378(10°) | m is given by 


, eee Semis 
Ve= 
. h + 6.378(10°) 


Solving Eqs.(1) and (2), 


h = 35.87(10°) m = 35.9Mm Vs = 3072.32 m/s = 3.07 km/s Ans. 


¢13-137. Determine the constant speed of satellite S so 
that it circles the earth with an orbit of radius r = 15 Mm. 
Hint: Use Eq. 13-1. 


Also 
( ) 
m, 2 


24 
v=,/G—= ‘| 66.73(107 2) (S20r) = 5156 m/s = 5.16 km/s 
r 15(10°) 
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e14-1. A 1500-lb crate is pulled along the ground with a 
constant speed for a distance of 25 ft, using a cable that 
makes an angle of 15° with the horizontal. Determine the 
tension in the cable and the work done by this force. 
The coefficient of kinetic friction between the ground and 
the crate is wu, = 0.55. 


4.3F,=0;  Tcos 15° — 0.55N = 0 —eg 
+TSF,=0; N+ Tsin 15° — 1500 = 0 1500 Ib 
N = 1307 Ib 

T = 744.4 1b = 744 Ib 


Ur = (744.4 cos 15°)(25) = 18.0(10°) ft- Ib 


14-2. The motion of a 6500-lb boat is arrested using a - 
bumper which provides a resistance as shown in the graph. MT Mh F(Ib) 
Determine the maximum distance the boat dents the ) 
bumper if its approaching speed is 3 ft/s. \! ||| jp = 3ft/s 


F = 3(10°)s? 


Principle of Work and Energy: Here, the bumper resisting force F does negative 
work since it acts in the opposite direction to that of displacement. Since the boat is 
required to stop, 7, = 0. Applying Eq. 14-7, we have 


T, = DU Sag T> 


| [300)sas| =0 


s = 1.05 ft 
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14-3. The smooth plug has a weight of 20 Ib and is pushed 
against a series of Belleville spring washers so that the 
compression in the spring is s = 0.05 ft. If the force of the 
spring on the plug is F = (3s"*) lb, where s is given in feet, 
determine the speed of the plug after it moves away from 
the spring. Neglect friction. 


T, oe XU 4-5 a T> 


0.05 
1/20 
0+ 385 ds = —|( —— |v" 
‘ sa “(2)y 


3( $).0.05) = ; Gal 


v = 0.365 ft/s 


*14-4, When a 7-kg projectile is fired from a cannon 
barrel that has a length of 2 m, the explosive force exerted 
on the projectile, while it is in the barrel, varies in the 
manner shown. Determine the approximate muzzle velocity 
of the projectile at the instant it leaves the barrel. Neglect 
the effects of friction inside the barrel and assume the 
barrel is horizontal. 


0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 a) 


The work done is measured as the area under the force—displacement curve. This 
area is approximately 31.5 squares. Since each square has an area of 2.5(10°) (0.2), 


T, + DU 4-4 = T> 


0 + | (31.5)(2.5)(10°)(0.2)] = 5 (09) 


v2 = 2121 m/s = 2.12 km/s (approx.) 
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014-5. The 1.5-kg block slides along a smooth plane and 
strikes a nonlinear spring with a speed of v = 4m/s. The 
spring is termed “nonlinear” because it has a resistance of 
F, = ks*, where k = 900 N/m’. Determine the speed of the 
block after it has compressed the spring s = 0.2 m. 


Principle of Work and Energy: The spring force Fs which acts in the opposite direction 
to that of displacement does negative work. The normal reaction N and the weight of 
the block do not displace hence do no work. Applying Eq. 14-7, we have 


Ty re DUi2 = T> 


5 15)(#) + |- | 008? as| = 5 (15) v 


v = 3.58 m/s 


14-6. When the driver applies the brakes of a light truck 
traveling 10 km/h, it skids 3 m before stopping. How far will 
the truck skid if it is traveling 80 km/h when the brakes are 
applied? 


10(10°) 


10 km/h = 3600 


= 2.778 m/s 80 km/h = 22.22 m/s 
T, + DU 4-2 = T> 

1 2 

3 (2.778) — pymg(3) = 0 


Lg = 1.286 


Ty ae XU 4_» = T> 
1 2 
5 (22.22)? — (1.286)m(d) = 0 


d=192m 
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14-7. The 6-lb block is released from rest at A and slides 
down the smooth parabolic surface. Determine the 
maximum compression of the spring. 


k =5lb/in. 


T, oe XU 4-5 = T> 
1 2 
0 + 266) — 5 (S)(12)s" = 0 


s = 0.632 ft = 7.59 in. 


*14-8. The spring in the toy gun has an unstretched 

length of 100 mm. It is compressed and locked in the 

position shown. When the trigger is pulled, the spring rou — 
unstretches 12.5 mm, and the 20-g ball moves along the ¥ Niko ———_— —} 
barrel. Determine the speed of the ball when it leaves the i>, 

gun. Neglect friction. 


Principle of Work and Energy: Referring to the free-body diagram of the 
ball bearing shown in Fig. a, notice that F,, does positive work. The spring 
has an initial and final compression of s; = 0.1 — 0.05 = 0.05m = and 
Sy = 0.1 — (0.05 + 0.0125) = 0.0375 m. 


T, aS XU 4-5 = T> 


1 1 1 
E ks,? Lis | = 5a 


0+ E (2000)(0.05)? — £ e000 0.0373) ss 5 (0.02)v4? 


v4 = 10.5 m/s 
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014-9, Springs AB and CD have a stiffness of k = 300 N/m 
and k’ = 200 N/m, respectively, and both springs have an 
unstretched length of 600 mm. If the 2-kg smooth collar starts 
from rest when the springs are unstretched, determine the 
speed of the collar when it has moved 200 mm. 


Principle of Work and Energy: By referring to the free-body diagram of the collar, W=2(61) 
notice that W, N, and F, = 150 sin 30° do no work. However, F, = 150 cos 30° N F=/50 N 


does positive work and (F.)) Ap and (Fyp)c p do negative work. 
30° 


( Ede :D 


T, + DU 4-2 _ T> 


0 + 150 cos 30°(0.2) + 5 (300102) | + |-$1200)(02)| = Or 


v = 4.00 m/s 


14-10. The 2-Mg car has a velocity of v, = 100km/h when v, = 100 km/h 
the driver sees an obstacle in front of the car. If it takes 0.75 s 

for him to react and lock the brakes, causing the car to skid, 

determine the distance the car travels before it stops. The 

coefficient of kinetic friction between the tires and the road 

is Me = 0.25. 


Free-Body Diagram: The normal reaction N on the car can be determined by 
writing the equation of motion along the y axis. By referring to the free-body 
diagram of the car, Fig. a, 


+TXF, = ma N — 2000(9.81) = 2000(0) N = 19620N 


y 
Since the car skids, the frictional force acting on the car is 
Fy = wxN = 0.25(19620) = 4905N. 


Principle of Work and Energy: By referring to Fig. a, notice that only F; does work, 


1h 
which is negative. The initial speed of the car is v; = 10010") (te ) = 
s 


27.78 m/s. Here, the skidding distance of the car is denoted as s’. 
T, + LU,» = T2 
5 (2000)(27.78%) + (—4905s’) = 0 
s’ = 157.31m 
The distance traveled by the car during the reaction time is 


s” = vit = 27.78(0.75) = 20.83 m. Thus, the total distance traveled by the car 
before it stops is 


s" = 157.31 + 20.83 = 178.14m = 178m Ans. 
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14-11. The 2-Mg car has a velocity of v,; = 100km/h v, = 100 km/h 
when the driver sees an obstacle in front of the car. It takes 

0.75 s for him to react and lock the brakes, causing the car to 

skid. If the car stops when it has traveled a distance of 175 m, 

determine the coefficient of kinetic friction between the 

tires and the road. 


Free-Body Diagram: The normal reaction N on the car can be determined by 
writing the equation of motion along the y axis and referring to the free-body 
diagram of the car, Fig. a, 


+1 DF, = ma N — 2000(9.81) = 2000(0) N = 19620N 


y 
Since the car skids, the frictional force acting on the car can be computed from 
Principle of Work and Energy: By referring to Fig. a, notice that only Fy does work, 
1h 
which is negative. The initial speed of the car is vj = 100(10 =I ) = 


3600 s 
27.78 m/s. Here, the skidding distance of the car is s’. 


Ty pia DU 1-2 = T> 


5 (2000)(27.78") + [—m4(19 620)s"] = 0 


_ 39.327 
MK 


’ 


The distance traveled by the car during the reaction time is 
s” = vit = 27.78(0.75) = 20.83 m. Thus, the total distance traveled by the car 
before it stops is 
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*14-12. The 10-lb block is released from rest at A. 
Determine the compression of each of the springs after the 
block strikes the platform and is brought momentarily to 
rest. Initially both springs are unstretched. Assume the 
platform has a negligible mass. 


ky = 30 Ib/in. 
ky = 45 Ib/in. 


Free-Body Diagram: The free-body diagram of the block in contact with both 10 lb 
springs is shown in Fig. a. When the block is brought momentarily to rest, springs (1) 
and (2) are compressed by s,; = y and s, = (y — 3), respectively. 


Principle of Work and Energy: When the block is momentarily at rest, W which 
displaces downward h = [5(12) yin. = (60 + y)in., does positive work, whereas 


(Fy): and (F.p)2 both do negative work. 


T, ae DU 4-2 = T> 


0 + 10(60 + y) 4 | + G09" | > (45)(y 3r|=0 


37.5y — 145y — 397.5 = 0 


Solving for the positive root of the above equation, 


y = 5.720 in. 


s, = 5.72in. sy = 5.720 — 3 = 2.72 in. 
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14-13. Determine the velocity of the 60-Ib block A if the 
two blocks are released from rest and the 40-lb block B 
moves 2 ft up the incline. The coefficient of kinetic friction 
between both blocks and the inclined planes is nw, = 0.10. 
f 
/ 
[/ 


Z 


& 


60° 
_——s 


N,4 — 60 cos 60° = 0 

Ny, = 301b 

F 4 = 0.1(30) = 3 lb 
Block B: 


+/7ZFy = ma Nz — 40 cos 30° = 0 


: 
Nz = 34.64 Ib 


Fp = 0.1(34.64) = 3.464 Ib 


Use the system of both blocks. N,, Nz, T, and R do no work. 


Ty as DU 4-2 —= T> 


1 ( 60 
(0 + 0) + 60 sin 60°|As4| — 40 sin 30°[Asp| ~ 3|As,4|-3.464|Asp| = 5 (S)a 


2s, + sp=l 

2As, = —Asg 

When |Asj| = 2 ft, |As,| = 1 ft 
Also, 

2V4 = —VvB 

Substituting and solving, 

v4 = 0.771 ft/s 


vg = —1.54 ft/s 
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14-14. The force F, acting in a constant direction on the 
20-kg block, has a magnitude which varies with the position 
s of the block. Determine how far the block slides before its 
velocity becomes 5 m/s. When s = 0 the block is moving to 
the right at 2m/s. The coefficient of kinetic friction 
between the block and surface is nu, = 0.3. 


3 
+TIF, = 0; Ng ~ 209.81) — 3 (50 Py =0 Ae, 


Nz = 196.2 + 30s” 
20(9:31)N 


F= 50S" 


3 
rs 


= (20)(2)* + Es | 5082 ds — 0.3(196.2)(s) — 0.3 | 30 stay =e (20) (5)? 0.3Ne~ t 
2 5 0 0 2 Ne 


T, a5 XU 4-5 = T> 


40 + 13.33 s? — 58.865 — 3s? = 250 
s° — 5.6961 5 — 20.323 = 0 


Solving for the real root yields 


s= 341m 


14-15. The force F, acting in a constant direction on the 
20-kg block, has a magnitude which varies with position s of 
the block. Determine the speed of the block after it slides 
3m. When s = 0 the block is moving to the right at 2 m/s. 
The coefficient of kinetic friction between the block and 
surface is uw, = 0.3. 


s(m) 


+TIF, =0; Ng — 20(9.81) — = (50 s*) =0 F=s0s™ 20(4.81)N 


Np = 196.2 + 308° 


T, oe XU 1_» = T> 


3 3 
5 (20)(2)" + : i 50 s* ds — 0.3(196.2)(3) — 0.3 i 30s? ds = 5 (20) (v)? 


360 — 176.58 — 81 = 10" 


v = 3.77m/s 
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14-16. A rocket of mass m is fired vertically from the 
surface of the earth, i.e., at r = r,;. Assuming no mass is lost 
as it travels upward, determine the work it must do against 
gravity to reach a distance 1. The force of gravity is 
F = GM,m/r’ (Eq. 13-1), where M, is the mass of the earth 
and r the distance between the rocket and the center of 
the earth. 


” dr 
Fdr=GM.m = 
Ty of 


= GMan{ + _ +) 
at 9 


e14-17. The cylinder has a weight of 20 Ib and is pushed 
against a series of Belleville spring washers so that the 
compression in the spring is s = 0.05 ft. If the force of the 


spring on the cylinder is F = (100s'/%) 1b, where s is given 
in feet, determine the speed of the cylinder just after it 
moves away from the spring, i.e., at s = 0. 


Principle of Work and Energy: The spring force which acts in the direction of 
displacement does positive work, whereas the weight of the block does negative 
work since it acts in the opposite direction to that of displacement. Since the block is 
initially at rest, 7, = 0. Applying Eq. 14-7, we have 


T, + So = T> 


0.05 ft 1 20 
0+ 100s'/3 ds — 20(0.05) = (2) 2 
i: Sas = 20009) = a59 JY 


v = 1.11 ft/s 
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14-18. The collar has a mass of 20 kg and rests on the 
smooth rod. Two springs are attached to it and the ends 
of the rod as shown. Each spring has an uncompressed 
length of 1 m. If the collar is displaced s = 0.5 m and 
released from rest, determine its velocity at the instant it 
returns to the point s = 0. 


T, +b DU 4-2 = T> 
1 2 1 2 1 2 
0 + 5 (50)(0.5)? + 5 (100)(0.5)° = = (20)ve 


Vc = 1.37 m/s 


14-19. Determine the height h of the incline D to which 
the 200-kg roller coaster car will reach, if it is launched at B 
with a speed just sufficient for it to round the top of the loop 
at C without leaving the track. The radius of curvature at C 
is pp = 25m. 


Equations of Motion: Here, it is required that N = 0. Applying Eq. 13-8 to FBD(a), 
we have 


ve 


SF, = may, — 200(9.81) = 200( 


25 + 
Principle of Work and Energy: The weight of the roller coaster car and passengers 
do negative work since they act in the opposite direction to that of displacement. 
3 : P w=200(9.6!) N 


When the roller coaster car travels from B to C, applying Eq. 14-7, we have | 
An 


) ve = 245.25 m?/s? 


Tg + SUp-c=Tc 
yv 
5 (200) ve — 200(9.81) (35) = 5 (200)(245.25) 
(4) 


vg = 30.53 m/s 


When the roller coaster car travels from B to D, it is required that the car stops at D, 
hence Tp = 0. 


Tp SE DSUs-p = Tp 
5 (200)(30.53") — 200(9.81)(h) = 0 


h=475m 
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*14-20. Packages having a weight of 15 lb are transferred 
horizontally from one conveyor to the next using a ramp for 
which px, = 0.15. The top conveyor is moving at 6 ft/s and 
the packages are spaced 3 ft apart. Determine the required 
speed of the bottom conveyor so no sliding occurs when the 
packages come horizontally in contact with it. What is the 
spacing s between the packages on the bottom conveyor? 


Equations of Motion: 


24 


15 
+2 Fy = may; N- 15( 3) re 


= 3590) = N= 144 1b 


25 


Principle of Work and Energy: Only force components parallel to the inclined plane 
which are in the direction of displacement [15(7/25) Ib and 
Fr = pxN = 0.15(14.4) = 2.16 1b] do work, whereas the force components 
perpendicular to the inclined plane [15(24/25) Ib and normal reaction N] do no work 
since no displacement occurs in this direction. Here, the 15(7/25) Ib force does 
positive work and Fy = 2.16 lb does negative work. Slipping at the contact surface 
between the package and the belt will not occur if the speed of belt is the same as 
the speed of the package at B. Applying Eq. 14-7, we have 


T, + DU is = T> 


(S)e) ! i5(Z Jes 2.16(25) = ae 


v = 15.97 ft/s = 16.0 ft/s Ans, 


3 
6 = 0.5 s. Hence, 


The time between two succesive packages to reach point B is t = 


the distance between two succesive packages on the lower belt is 


s = vt = 15.97(0.5) = 7.98 ft 


014-21. The 0.5-kg ball of negligible size is fired up the 
smooth vertical circular track using the spring plunger. The 
plunger keeps the spring compressed 0.08 m when s = 0. 
Determine how far s it must be pulled back and released so 
that the ball will begin to leave the track when 6 = 135°. 


Equations of Motion: 


= 7 OF es vB Dra Dip? 
LF, = may; 0.5(9.81) cos 45° = 0.5 15 ug = 10.41 m*/s 


Principle of Work and Energy: Here, the weight of the ball is being displaced 
vertically by s = 1.5 + 1.5 sin 45° = 2.561 m and so it does negative work. The 
spring force, given by F,, = 500(s + 0.08), does positive work. Since the ball is at 
rest initially, 7, = 0. Applying Eq. 14-7, we have 


Ta a DSU a-2 = Tp 


0+ | '500(s + 0.08) ds — 0.5(9.81)(2.561) = 5 (0.5)(10.41) 
0 


Ss = 0.1789 m = 179mm 
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14-22. The 2-lb box slides on the smooth circular ramp. If 
the box has a velocity of 30 ft/s at A, determine the velocity 
of the box and normal force acting on the ramp when the 
box is located at B and C. Assume the radius of curvature of 
the path at C is still 5 ft. 


Point B: 
Ti + XU 4-5 = T> 


2 533) 007 , 3 (sa) 


vp = 24.0 ft/s 


7 (2 -\f 24.0" 
—> =F, = ma,; ve= (5) 5 


Nz = 7.18 1b 


Point C: 


Ty cc DU 4-4 —, T> 


(s5)” ee ; (sa)? 


ve = 16.0 ft/s 


+)=F,= ma; Nceot+2 -( a 4) 


32.2 5 


Ne = 1.18 1b 
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14-23. Packages having a weight of 50 lb are delivered to va = 3 ft/s 
the chute at v, = 3 ft/s using a conveyor belt. Determine 
their speeds when they reach points B, C, and D. Also 
calculate the normal force of the chute on the packages at B 
and C. Neglect friction and the size of the packages. 


Ta + XU 4-3 = TR 


Lf 50. Noe 1/50 \, 
=| —— ~ - °) = —( —— 
5 (So 50(5)(1 — cos 30°) (3) 


Vg = 7.221 = 7.22 ft/s 


+/Y>F,= : Nz + 50 cos 30° = ( a) ye 
n— May; B cos 32.2 5 
Nz = 27.1 1b 


Ta oa LD y-c = Tc 


1/ 50 1/ 50 
=| =~ ](3)° + 50(5 cos 30°) = | —— Jve 
(3) ) reese0") Gal 


vc = 16.97 = 17.0 ft/s 


leg 


+7>F, = ma, ; Nc — 50 cos 30° = ( 


Ne = 133 1b 


Ta + “U4 p=Tp 


(S)o PO) (35) 


Vp = 18.2 ft/s 
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*14-24. The 2-lb block slides down the smooth parabolic 
surface, such that when it is at A it has a speed of 10 ft/s. 
Determine the magnitude of the block’s velocity and 
acceleration when it reaches point B, and the maximum 
height ynax reached by the block. 


y = 0.25x* 
ya = 0.25(-4) = 4 ft 
yp = 0.25(1)? = 0.25 ft 


Ta cn DU yp = Tp 


a(aza)o" gee aie. (s53)¥ 


vp = 18.48 ft/s = 18.5 ft/s 


Poe Ose! LlOS ~-6 5006s 
dx 


: 2 
ae = : me i (oareeay (penne 
ZXF, = ma, ; 2 sin 26.565 (s35)a 


a, = —14.4 ft/s? 


6S ve _ (18.48) 
oe 2.795 


= 122.2 ft/s? 


az= —14. aT : = t/s 
p= V(-14.4) + (122.2) = 123 ft/s? 


Ta + LU y4-c= Tc 


1/ 2 
(33 5 )cany 2(Vmax — 4) = 0 Ymax = 5.55 ft 
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014-25. The skier starts from rest at A and travels down 
the ramp. If friction and air resistance can be neglected, 
determine his speed vg when he reaches B. Also, find the 
distance s to where he strikes the ground at C, if he makes 
the jump traveling horizontally at B. Neglect the skier’s size. 
He has a mass of 70 kg. 


Ta ae > Uy_B = Tp 
L 2 
0 + 70(9.81)(46) = 5 (70)(ve) 


vp = 30.04 m/s = 30.0 m/s 
(+) S = So + vot 


s cos 30° = 0 + 30.04t 


1 
(+1) 5 = 59 + vot + Fact 
: 1 2 
ssin30°+4=0+0+ 5 (9:81)¢ 


Eliminating ¢, 
s’ — 122.675 — 981.33 = 0 


Solving for the positive root 


s = 130m 


14-26. The crate, which has a mass of 100 kg, is subjected 
to the action of the two forces. If it is originally at rest, 
determine the distance it slides in order to attain a speed of 
6 m/s. The coefficient of kinetic friction between the crate 
and the surface is uw, = 0.2. 


Equations of Motion: Since the crate slides, the friction force developed between 
the crate and its contact surface is Fy = uw, N = 0.2N. Applying Eq. 13-7, we have 


3 
+1 SF, = ma N+ 1000( 2) — 800 sin 30° — 100(9.81) = 100(0) 


5 


y> 


N = 781N B00N — 100(981) N 
30° 

Principle of Work and Energy: The horizontal components of force 800 N and res 
1000 N which act in the direction of displacement do positive work, whereas the 
friction force Fy = 0.2(781) = 156.2N does negative work since it acts in the 
opposite direction to that of displacement. The normal reaction N, the vertical 
component of 800 N and 1000 N force and the weight of the crate do not displace, 
hence they do no work. Since the crate is originally at rest, T; = 0. Applying 
Eq. 14-7, we have 


Ty ci DU a T> 


4 1 
0 + 800 cos 30°(s) 4 1000( *)s 156.25 = 5 (100)(6") 


s = 1.35m 
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14-27. The 2-lb brick slides down a smooth roof, such that 
when it is at A it has a velocity of 5 ft/s. Determine the 
speed of the brick just before it leaves the surface at B, the 
distance d from the wall to where it strikes the ground, and 
the speed at which it hits the ground. 


Ta + “U4 p= Tp 


; (ss)or Pee ; (5) 


vp = 31.48 ft/s = 31.5 ft/s 


(+) S = So + Uot 


4 
d=0 + 31.48| — 
(5) 


(+1) S = Sy tr 


3 1 
30 = 0 + 31.48 t + = (32.2)t? 
(2):+t@22) 
16.107 + 18.888r — 30 = 0 


Solving for the positive root, 


t = 0.89916 s 


d= 31.49( 2)(0.89916) = 22.6 ft 


TA oe DU y-c = Tc 


; (S5)or ie) as 3 (s55) 


Vee 54.1 ft/s 
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*14-28. Roller coasters are designed so that riders will not 
experience a normal force that is more than 3.5 times their 
weight against the seat of the car. Determine the smallest 
radius of curvature p of the track at its lowest point if the 
car has a speed of 5 ft/s at the crest of the drop. Neglect 
friction. 


Principle of Work and Energy: Here, the rider is being displaced vertically 
(downward) by s = 120 — 10 = 110 ft and does positive work. Applying Eq. 14-7 
we have 


T, t SS U1» = T> 
WwW 1/W 
=~ }(5?) + W110) = =( —— }v’ 
(SN ) + W(10) 2 (oe 
v* = 7109 ft/s 


Equations of Motion: It is required that N = 3.5W. Applying Eq. 13-7, we have 


=F, = may; 3.5W -W= ( Me ) a 
32.2 p 


p = 88.3 ft 


¢14-29. The 120-Ib man acts as a human cannonball by being 
“fired” from the spring-loaded cannon shown. If the greatest 
acceleration he can experience is a = 10g = 322 ft/s’, 
determine the required stiffness of the spring which is 
compressed 2 ft at the moment of firing. With what velocity 
will he exit the cannon barrel, d = 8 ft, when the cannon is 
fired? When the spring is compressed s = 2 ft thend = 8 ft. 
Neglect friction and assume the man holds himself in a rigid 
position throughout the motion. 


Initial acceleration is 10g = 322 ft/s* 


120 
+73F,= ma,  F, — 120sin 45° = (35 )eo22) F, = 1284.85 Ib 


Fors =2ft;  128485=k(2) kk = 642.4 = 642 Ib/ft 


T, oe XU, 5= T> 


1 eo] 1 
Ole (642.2)(2)? — 120(8)sin 45 — +( 


vy = 18.0 ft/s 
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14-30. If the track is to be designed so that the passengers 
of the roller coaster do not experience a normal force equal 
to zero or more than 4 times their weight, determine the 
limiting heights 1, and hc so that this does not occur. The 
roller coaster starts from rest at position A. Neglect friction. 


| 
x RD 
VA NK B a 
ESS : SKID 


WYKEEINKINALRW, 


Free-Body Diagram: The free-body diagram of the passenger at positions B and C 
are shown in Figs. a and b, respectively. 


2 
v : aS ‘ 

Equations of Motion: Here, a, = —. The requirement at position B is that 
p 


Nz = 4mg. By referring to Fig. a, 


VR 
+T=F,, = ma,; 4mg —- mg =m 15 


vp’ = 45g 


At position C, N- is required to be zero. By referring to Fig. b, 


2 
Ve 
+ViF,= : -—0= =~ 
J n= May; mg nf 0 


vc? = 20g 
Principle of Work and Energy: The normal reaction N does no work since it always 


acts perpendicular to the motion. When the rollercoaster moves from position A 
to B, W displaces vertically downward h = h, and does positive work. 


We have 


Ta + XU 4p = Tp 


1 
0+ mghy, = 3 (45g) 


ha = 22.5m Ans. 


When the rollercoaster moves from position A to C, W displaces vertically 
downward h = hy — he = (22.5 — he) m. 


Ta te XU 4B = TR 


1 
0 + mg(22.5 — hc) = 3 (20g) 
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14-31. Marbles having a mass of 5 g fall from rest at A 
through the glass tube and accumulate in the can at C. 
Determine the placement R of the can from the end of the 
tube and the speed at which the marbles fall into the can. 
Neglect the size of the can. 


Ta + XU4p=Tp 


1 
0 + [0.005(9.81)(3 — 2)] = 5 (0.005)v% 
vz = 4.429 m/s 


+1 ee ee 
( 2 


1 
SOO g (9.81)¢? 


t = 0.6386 s 


(+) S = So + Vot 


R = 0 + 4.429(0.6386) = 2.83 m 


T, + > Uy-c = Ty 
1 
0 + [0.005(9.81)(3) = 5 (0.005)v2: 


Vc = 7.67 m/s 


*14-32. The ball has a mass of 0.5 kg and is suspended 
from a rubber band having an unstretched length of 1 m 
and a stiffness k = 50 N/m. If the support at A to which the 
rubber band is attached is 2 m from the floor, determine the 
greatest speed the ball can have at A so that it does not 
touch the floor when it reaches its lowest point B. Neglect 
the size of the ball and the mass of the rubber band. 


Principle of Work and Energy: The weight of the ball, which acts in the direction of 
displacement, does positive work, whereas the force in the rubber band does 
negative work since it acts in the opposite direction to that of displacement. Here it 
is required that the ball displace 2 m downward and stop, hence T, = 0. Applying 
Eq. 14-7, we have 


T, Sas >» Ui = T> 


5 (0.5)v? + 0.5(9.81)(2) 5 (50)(2 1r~ =0 


v = 7.79 m/s 
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014-33. If the coefficient of kinetic friction between the 
100-kg crate and the plane is pu, = 0.25, determine the 
compression x of the spring required to bring the crate 
momentarily to rest. Initially the spring is unstretched and 
the crate is at rest. 


Free-Body Diagram: The normal reaction N on the crate can be determined by 
writing the equation of motion along the y’ axis and referring to the free-body 
diagram of the crate when it is in contact with the spring, Fig. a. 


\+Fy = ma N — 100(9.81)cos 45° = 100(0) N = 693.67N 


y 


Thus, the frictional force acting on the crate is Fy = u,N = 0.25(693.67)N = 
173.42 N. 


Principle of Work and Energy: By referring to Fig. a, we notice that N does no work. 


Here, W which displaces downward through a distance of h = (10 + x)sin 45° does 
positive work, whereas F, and Es do negative work. 


T, + DU 4-2 = T> 

1 
0 + 100(9.81)| (10 + x) sin 45°] + [-173.42(10 + x)] + 3.2000). | =0 
1000x* — 520.25x — 5202.54 = 0 


Solving for the positive root 


x = 2.556m = 2.57m 


14-34. If the coefficient of kinetic friction between the 
100-kg crate and the plane is ny, = 0.25, determine the speed 
of the crate at the instant the compression of the spring is 
x = 1.5 m. Initially the spring is unstretched and the crate is 
at rest. 


Free-Body Diagram: The normal reaction N on the crate can be determined by 
writing the equation of motion along the y’ axis and referring to the free-body 
diagram of the crate when it is in contact with the spring, Fig. a. 


\+Fy = ma N — 100(9.81)cos 45° = 100(0) N = 693.67N 


y 


Thus, the frictional force acting on the crate is Fy = uzN = 0.25(693.67) N = 
173.42 N. The force developed in the spring is F,, = kx = 2000x. 


Principle of Work and Energy: By referring to Fig. a, notice that N does no work. Here, 
W which displaces downward through a distance of h = (10 + 1.5)sin 45° = 8.132 m 
does positive work, whereas F,and Fe do negative work. 


Ti ene XU 4-5 = T> 


0 + 100(9.81)(8.132) + [-173.42(10 + 1.5)] + 5 (20001) = 5(100)? 


v = 8.64m/s Ans. 
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14-35. A 2-lb block rests on the smooth semicylindrical 
surface. An elastic cord having a stiffness k = 2 lb/ft is 
attached to the block at B and to the base of the 
semicylinder at point C. If the block is released from rest at 
A(@ = 0°), determine the unstretched length of the cord so 
that the block begins to leave the semicylinder at the instant 
0 = 45°. Neglect the size of the block. 


+/>F, = ma,; 2 sin 45° 


T, os DU» = T> 


aT 2 
0+ 5 )[m(1.5) i, +0)% (1.5) ho 2(1.5 sin 45°) = + (35 )o8es” 


Ig = 2.77 ft Ans. 
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*14-36. The 50-kg stone has a speed of v4 = 8 m/s when 
it reaches point A. Determine the normal force it exerts on 
the incline when it reaches point B. Neglect friction and the 
stone’s size. 


yl 4. yl2 =2 


A 
jie —— 


cs) 


Geometry: Here, xl? 4 yh? = 2. At point B, y = x, hence 2x? =2 and 


x=y=I1m. + 50(4.81)N 
pdy aie yo 12 dy = ae 
dx dx gl? 


x=1m, y=lm 


45° 
eee a 


dx 2 


2 
= yi] (2) Bes =1 
dx? 2y7? dx 2x3/2 x=1m,y=1m 


The slope angle 6 at point B is given by 


d 
tan 6 = = 
dx x=1m, y=lm 


and the radius of curvature at point B is 


_ [Lt yas fel 
f |? y/dx| i 


3/2 


Principle of Work and Energy: The weight of the block which acts in the opposite 
direction to that of the vertical displacement does negative work when the block 
displaces 1 m vertically. Applying Eq. 14-7, we have 


Ta + > Usp = Tp 


5 (50)(8") — 50(9.81)(1) = 5 (50) Up 
vz = 44.38 m?/s” 


Equations of Motion: Applying Eq. 13-8 with @ = 45.0°, vg = 44.38 m’/s” and 
p = 2.828 m, we have 


44.38 
+ —J . — p o- —_ 
ASF, = Man; N — 50(9.81) cos 45 s0( ee =) 


N = 1131.37N = 1.13 kN 
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014-37. If the 75-kg crate starts from rest at A, determine 
its speed when it reaches point B.The cable is subjected to a 
constant force of F = 300 N. Neglect friction and the size of 
the pulley. 


Free-Body Diagram: The free-body diagram of the crate and cable system at an 
arbitrary position is shown in Fig. a. W=759.81 IN 


Principle of Work and Energy: By referring to Fig. a, notice that N, W, and R do no 
work. When the crate moves from_A to B, force F displaces through a distance of 
s = AC — BC = V8? + @ — V22 + 6 = 3.675 m. Here, the work of F is 
positive. 


T, mie XU 4_> = T> 
1 2, 
0 + 300(3.675) = 5 (75)ve 


Vz = 5.42 m/s 


14-38. If the 75-kg crate starts from rest at A, and its 
speed is 6m/s when it passes point B, determine the 
constant force F exerted on the cable. Neglect friction and 
the size of the pulley. 


Free-Body Diagram: The free-body diagram of the crate and cable system at an N=75(98/)N 
arbitrary position is shown in Fig. a. 


Principle of Work and Energy: By referring to Fig. a, notice that N, W, and R do no 
work. When the crate moves from_A to B, force F displaces through a distance of 
s = AC — BC = V8? 4+ @ — V2? + 6 = 3.675 m. Here, the work of F is 
positive. 


T, a DU 4-2 aa T> 


0 + F(3.675) = 5 (75)(6" 


F = 367N 
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14-39. If the 60-kg skier passes point A with a speed of 
5m/s, determine his speed when he reaches point B. Also 
find the normal force exerted on him by the slope at this 
point. Neglect friction. 


y = (0.025x? + 5)m 


Free-Body Diagram: The free-body diagram of the skier at an arbitrary position is 
shown in Fig. a. 


Principle of Work and Energy: By referring to Fig. a, we notice that N does no work since 
it always acts perpendicular to the motion. When the skier slides down the track from A 
to B, W displaces vertically downward h = y, — yg = 15 [0.025 (0?) +5 | =10m 
and does positive work. 


Ta t+ DU y_B = Tp 


5 (60)(5") + [60(9.81)(10)] = 5 (60)v5? 


vz = 14.87 m/s = 14.9 m/s 
dy/dx = 0.05x 
d’y/dx* = 0.05 


[1 + of? 
re 


+TSF,=ma,;  N — 60(9.81) = ol 


(14.87) 
20 


N = 1.25kN 
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*14-40. The 150-lb skater passes point A with a speed of 
6ft/s. Determine his speed when he reaches point B and the 
normal force exerted on him by the track at this point. 
Neglect friction. 


Free-Body Diagram: The free-body diagram of the skater at an arbitrary position is W=/50Ib 
shown in Fig. a. r-) 


Principle of Work and Energy: By referring to Fig. a, notice that N does no work since it 
always acts perpendicular to the motion. When the skier slides down the track from A 


to B, W displaces vertically downward h = y, — yg = 20 [2(25)/ a) = 10 ft and 
does positive work. a 


ec 
Ta + DUy-~p = Tp a..\ N 
1/ 150 af 


vp = 26.08 ft/s = 26.1 ft/s 


(® 


2 
Equations of Motion: Here, a, = = By referring to Fig. a, 
p 


150 /v* 
N+ 2F), = may, 3 150 cos9@ — N = a5) 


N = 150cos 6 — (=) () 
A Ne” BOON Gs 


dy _ 1 


1/2 a 
"dx 1/2? 23/2" 


Geometry: Here, y = 2x The slope that the 


bce : ‘ : _, {dx 
track at position B makes with the horizontal is 6, = tan (2) 
Y/ |x=25 ft 


1 
= tan (=) = 11.31°. The radius of curvature of the track at position B is 
x x=25 ft 


dy\? 2 
1+(— 
P+) 
pr= By = = 265.15 ft 


dx 


given by 


Substituting 6 = 03 = 11.31°, v = vg = 26.08 ft/s, and p = pg = 265.15 ft into 
Eq. (1), 


265.15 


150 [ 26.087 
Ng = 150 cos 11.31° — —— ( 


32.2 


135 Ib 


310 


91962_03_s14_p0285-0354 6/8/09 9:43 AM Page 311 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


014-41. A small box of mass m is given a speed of 
v= Vier at the top of the smooth half cylinder. 
Determine the angle @ at which the box leaves the cylinder. 


Principle of Work and Energy: By referring to the free-body diagram of the block, 
Fig. a, notice that N does no work, while W does positive work since it displaces 
downward though a distance of h = r — rcos @. 


T a XU 4_> — T> 


u (Z )3 ( see G 
5m a ar) + mgr — 5 nv 


Equations of Motion: Here, a, = 
referring to Fig. a, 


9 
mg cos@ — N = nl (3 = 2050) | 


9 
N= me(3 cos 6 — >) 
It is required that the block leave the track. Thus, N = 0. 
0 (s 0 3) 
= cos 86 — — 
mg 4 
Since mg # 0, 
9 
3cos@-—=0 
cos 4 


0 = 41.41° = 41.4° 
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14-42. The diesel engine of a 400-Mg train increases the 
train’s speed uniformly from rest to 10 m/s in 100 s along a 
horizontal track. Determine the average power developed. 


T, + BU,» =T) 400(10°)(G-B1) N 


0+ U,_.= 5 (400)( 10°) (10%) 


Uy-7 = 20 (10°) J 


U-2 _ 20(10°) 


100 200 kW 


Also, 

vV=Vvo + act 

10 = 0 + a, (100) 
a, = 0.1 m/s? 


UF, = ma F = 400(10*)(0.1) = 40(10°) N 


10 
Pavg = F'Vaye = 40 (10)() = 200 kW 


14-43. Determine the power input for a motor necessary 
to lift 300 Ib at a constant rate of 5 ft/s. The efficiency of the 
motor is € = 0.65. 


Power: The power output can be obtained using Eq. 14-10. 


P = F-v = 300(5) = 1500 ft lb/s 


Using Eq. 14-11, the required power input for the motor to provide the above 
power output is 


. power output 
power input = —————_ 


1500 
= Gag 7 2307.7 ft Ib/s = 4.20 hp 
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*14-44. Anelectric streetcar has a weight of 15 000 Ib and 
accelerates along a horizontal straight road from rest so 
that the power is always 100 hp. Determine how far it must 
travel to reach a speed of 40 ft/s. 


- w (a) W=/5000 |b 


= ds 


g ds 
[rae [Zen 
0 0 § 


P = constant 


3 


3gP. 


(15 .000)(40)° 
3(32.2)(100)(550) 


= 181 ft 


014-45. The Milkin Aircraft Co. manufactures a turbojet 
engine that is placed in a plane having a weight of 13000 Ib. 
If the engine develops a constant thrust of 5200 Ib, 
determine the power output of the plane when it is just 
ready to take off with a speed of 600 mi/h. 


At 600 ms/h. 


P= 5200(600)( iy 7) ! 


—— = 8.32(10°)h 
60 m/h/ 550 hy 


14-46. The engine of the 3500-lb car is generating a 
constant power of 50 hp while the car is traveling up the 
slope with a constant speed. If the engine is operating with 
an efficiency of e€ = 0.8, determine the speed of the car. 
Neglect drag and rolling resistance. 


Equations of Motion: By referring to the free-body diagram of the car shown in Fig. a, 


3500 


F — 3500 sin 5.711° = ——— 


+ = may; = 348. 
JSF y = may; 7 0) F = 348.26 Ib 


550 ft + 1b/s 
—..—— ] = 27500 ft- Ib/s. 
1 hp 


Thus, the power output is given by Poy, = ePin = 0.8(27 500) = 22 000 ft: Ib/s. 


Power: The power input of the car is P;, = (50 hp) ( 


Pou = Fev 
22 000 = 348.26v 


v = 63.2 ft/s 
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14-47. A loaded truck weighs 16(10°) lb and accelerates 
uniformly on a level road from 15 ft/s to 30 ft/s during 4s. 
If the frictional resistance to motion is 325 lb, determine the 
maximum power that must be delivered to the wheels. 


=u15 
4 


= 3.75 ft/s? 


16(10°) 
32.2 


<= YF, = ma,; p~325=( 


Jeers 


F = 2188.35 lb 


__ 2188.35(30) 


Via 550 = 119 hp 


*14-48. An automobile having a weight of 3500 lb travels 
up a 7° slope at a constant speed of v = 40 ft/s. If friction 
and wind resistance are neglected, determine the power 
developed by the engine if the automobile has a mechanical 
efficiency of € = 0.65. 


s = vt = 40(1) = 40 ft 
U;_2 = (3500)(40 sin 7°) = 17.062(103) ft+ Ib 


_ P, _ 17.062(10°) ft+Ib/s 


e 0.65 


= 26.249(10°) ft-Ib/s = 47.7 hp 


U,-» _ 17.602(10°) 
t i 


= 17.062 (10%) ft-Ib/s 


Also, 
F = 3500 sin 7° = 426.543 Ib 
Pow = F+v = 426. 543 (40) = 17.062 (10°) ft-Ib/s 


P, 17.062 (103) ft- Ib/s 
ee 0.65 


= 26.249(10°) ft-Ib/s 
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e14-49. Anescalator step moves with a constant speed of 
0.6 m/s. If the steps are 125 mm high and 250 mm in length, 
determine the power of a motor needed to lift an average 
mass of 150 kg per step. There are 32 steps. 


Step height: 0.125 m 
The number of steps: 0105 > 32 


Total load: 32(150)(9.81) = 47 088 N 


4 
If load is placed at the center height, h = 5 2 m, then 


4 
U = 47 oss( 5) = 94.18 kJ 


4 
vs = vsind = a6( = 0.2683 m/s 


V (32(0.25))? + 4? 


h 2 


a — 
y 0.2683 


U _ 94.18 


= 7.4545 


Also, 


P = F-v = 47 088(0.2683) = 12.6 kW 


14-50. The man having the weight of 150 lb is able to run 
up a 15-ft-high flight of stairs in 4 s. Determine the power 
generated. How long would a 100-W light bulb have to burn 
to expend the same amount of energy? Conclusion: Please 
turn off the lights when they are not in use! 


Power: The work done by the man is 
U = Wh = 150(15) = 2250 ft- 1b 
Thus, the power generated by the man is given by 


2250 
7 “ = <> = 562.5 ft+Ib/s = 1.02 hp Ans. 


Th fo the: bilb. de 100 w x ( au) x(a) 
e€ power o e bulb is Pru = = 
73.73 ft: Ib/s. Thus, dS WN. 1 hp 
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14-51. The material hoist and the load have a total mass 
of 800 kg and the counterweight C has a mass of 150 kg. At 
a given instant, the hoist has an upward velocity of 2 m/s 
and an acceleration of 1.5 m/s’. Determine the power 
generated by the motor M at this instant if it operates with 
an efficiency of e = 0.8. 


Equations of Motion: Here, a = 1.5 m/s’. By referring to the free-body diagram of 
the hoist and counterweight shown in Fig. a, 


+1 2F, = ma 2T + T' — 800(9.81) = 800(1.5) (1) 


y> 


= 


HY EFy = may; — 150(9.81) — T' = 150(1.5) 
Solving, 
T’ = 1246.5N 


T = 3900.75 N 


Pou = 2T+v = 2(3900.75)(2) = 15 603 W 


Pou 15603 
€ 0.8 


Pin 19.5(10°) W = 19.5 kW 


a + OMT 


ISO (9, 8)N 


S0XK9-81) N 
(a) 
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*14-52. The material hoist and the load have a total mass 


of 800 kg and the counterweight C has a mass of 150 kg. If 
the upward speed of the hoist increases uniformly from 
0.5m/s to 1.5m/sin1.5s, determine the average power 
generated by the motor M during this time. The motor 
operates with an efficiency of € = 0.8. 


Kinematics: The acceleration of the hoist can be determined from 


(+1) V=Vvt+ at 


1.5 = 0.5 + a(15) 


a = 0.6667 m/s” 


Equations of Motion: Using the result of a and referring to the free-body diagram of 
the hoist and block shown in Fig. a, 


+T3F, =ma,; 


yi. 27. + T’ = 800(9.81) = 800(0.6667) 


HEF, = may; 


yi 150(9.81) — T’ = 150(0.6667) 


Solving, 
T' = 1371.5N 


T = 3504.92 N 


Power: 


15 +05 
Pidac= 2 va = 2¢3504.92)( 1° 95 ) = 7009.8 W 


— Pow _ 7009.8 


= 8762.3 W = 8.76kW 
€ 0.8 


‘ 


a ae 


ISO (9, S/N 
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014-53. The 2-Mg car increases its speed uniformly from 
rest to 25 m/s in 30 s up the inclined road. Determine the 
maximum power that must be supplied by the engine, which 
operates with an efficiency of e€ = 0.8. Also, find the 
average power supplied by the engine. 


Kinematics: The constant acceleration of the car can be determined from Z000(9-81)N 


acs V=Vyn t+ a,.t Q=0:8332 m/s” g=tan” (o-!) 
( ) 0 —_—- = 5.7//° 
25 = 0 + a, (30) 
a, = 0.8333 m/s” 


Equations of Motion: By referring to the free-body diagram of the car shown in 
Fig. a, 


LFy = may; F — 2000(9.81) sin 5.711° = 2000(0.8333) 
F = 3618.93N 
Power: The maximum power output of the motor can be determined from 


(Pout)max = F* Vmax = 3618.93(25) = 90 473.24 W 


Thus, the maximum power input is given by 


p. — Pow _ 90473.24 


in = 113 091.55 W = 113 kW 
€ 0.8 


The average power output can be determined from 


25 
(Pine =F Vae = 3618 93( 2) = 45 236.62 W 


(Pouave  45236.62 
(Pin)avg = — = 5 = 56545.78 W = 56.5 kW 
E 5 
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14-54. Determine the velocity of the 200-Ib crate in 15 s if 
the motor operates with an efficiency of ¢ = 0.8. The power 
input to the motor is 2.5 hp. The coefficient of kinetic 
friction between the crate and the plane is uw, = 0.2. 


Equations of Motion: By referring to the free-body diagram of the crate shown in 
Fig. a, 


200 
N — 200 = —_ (0) N = 200 1b 


+TXF, = may; 309 


200 
32.2 


T= (A + 10) Ib (1) 
32.2 


4 SF, = ma,; T — 0.2(200) = 


550 ft + lb/s 
1 hp 


Power: Here, the power input is Pi, = (2.5 hp) ( 


) = 1375 ft: lb/s. Thus, 


Pow = €Pin = 0.8(1375) = 1100 ft: Ib/s. 
Pou = T+v 
1100 = Tv 


Kinematics: The speed of the crate is 
(+) v= vo + act 

v=0+ a(15) 

v= 15a 
Substituting Eq. (3) into Eq. (2) yields 


_ 73.33 
a 


T 


Substituting Eq. (4) into Eq. (1) yields 


73.33 _ 200 


=——at 
i ao 


Solving for the positive root, 
a = 1.489 ft/s” 
Substituting the result into Eq. (3), 


v = 15(1.489) = 22.3 ft/s 
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14-55. Acconstant power of 1.5 hp is supplied to the motor 
while it operates with an efficiency of « = 0.8. Determine 
the velocity of the 200-lb crate in 15 seconds, starting from 
rest. Neglect friction. 


dv 


Equations of Motion: Here, a = ae 


By referring to the free-body diagram of the 
crate shown in Fig. a, 


200 / dv 
Face = Pi eer artaatl (ieaisales 
DF, = ma, ; T m2) (1) 


550 ft - Ib/s 


Power: Here, the power input is P;, = (1.5 hp) ( Thp 


) = 825 ft: lb/s. Thus, 


Pout = €Pin = 0.8(825) = 660 ft Ib/s. 


Poy = Tv 
200 (dv 
660 = 392 ($)y 


v 15s 
i vdv = | 106.26 dt 
0 0 


5% 15s 


"| = 106.26 aly 
2 |o 


v = 56.5 ft/s 


*14-56. The fluid transmission of a 30 000-lb truck allows 
the engine to deliver constant power to the rear wheels. 
Determine the distance required for the truck traveling on 
a level road to increase its speed from 35 ft/s to 60 ft/s if 
90 hp is delivered to the rear wheels. Neglect drag and 
rolling resistance. 


d 
Equations of Motion: Here, a = v aa By referring to the fre -body diagram of the 
s 


truck shown in Fig. a, 


30000 dv 
ei = : Sf) SE bad 
DF, = ma,; F ( 302 J *) (1) 


550 ft + lb/s 
1 hp 


Power: Here, the power output is Poy = (90 hp) ( 


) = 49500 ft - lb/s. 
Using Eq. (1), 
Pou = Fev 


4gsoo = { 20000 ( *) 
NBR IN aed” 


s 60 ft/s 
| 53.13ds = ih vw dv 
0 35 ft/s 


Ss 
yp 60 ft/s 


53.13s|) = = 
ae 35 ft/s 


s = 1086 ft 
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014-57. Ifthe engine of a 1.5-Mg car generates a constant 
power of 15 kW, determine the speed of the car after it has 
traveled a distance of 200 m on a level road starting from 
rest. Neglect friction. 


d 
Equations of Motion: Here, a = te By referring to the free-body diagram of the /500( GBI )N 
s 


car shown in Fig. a, 
d 
+A >F, = ma; ‘ae 1500( v &) 
ds 
Power: 
Pou = Fev 
dv 
15(10°) = 1500{ v — 
(10°) = 1500( vv 


200 m v 
| 10ds = i v dv 
0 0 


200 m 3/y 


10s 0 
0 


v = 18.7 m/s 


14-58. The 1.2-Mg mine car is being pulled by the winch 
M mounted on the car. If the winch exerts a force of 
F = (150t7”)N on the cable, where t is in seconds, 
determine the power output of the winch when ¢ = 5s, 
starting from rest. 


Equations of Motion: By referring to the free-body diagram of the mine car shown 
in Fig. a, 


+ SF, = ma,; 3(150197) = 12004 


a = (0.375197) m/s? 


a, 


Kinematics: The speed of the mine car at t = 5s can be determined by integrating 
the kinematic equation dv = adt and using the result of a. 


v 5s 
( 5 ) i dv = i 0.37507’? dt 
0 0 
5s 


v = 0.15077) = 8.385 m/s 
Power: At t = 5s, F = 150(5°”) = 1677.05 N. 
Poy = 3F+v 
= 3(1677.05)(8.385) 
= 42.1875(10°) W 


= 42.2kW 
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14-59. The 1.2-Mg mine car is being pulled by the winch M 
mounted on the car. If the winch generates a constant power 
output of 30 kW, determine the speed of the car at the 
instant it has traveled a distance of 30 m, starting from rest. 


dv 
ds’ 
mine car shown in Fig. a, aa 


a : 
dv am AS 
Sopa mas ar = 1200( v2) iimimy 


Equations of Motion: Here, a = v By referring to the free-body diagram of the 1200(9-B1) N 


Ss Vj 


Power: 
Pou = 3F-v 


30(10°) = 3Fv 


Substituting Eq. (1) into Eq. (2) yields 


d 
30(10°) = 1200( vy 
ds 


30 m 
= , 25ds 
0 


30m 


= 25s 0 


v = 13.1 m/s 
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*14-60. The 1.2-Mg mine car is being pulled by winch M 
mounted on the car. If the winch generates a constant 
power output of 30 kW, and the car starts from rest, 
determine the speed of the car when t = 5s. 


dv 


Equations of Motion: Here, a = v ds’ 
s 


By referring to the free-body diagram of the 


mine car shown in Fig. a, 


SUF, = 3F = 1200( » 2) 


Ss 


Power: 
Pou = 3F-v 
30(10°) = 3Fv 


Substituting Eq. (1) into Eq. (2) yields 


30(10°) = (1200 *), 
ds 


v 5s 
| vdv = i 25dt 
0 0 


v = 15.8 m/s 


323 


91962_03_s14_p0285-0354 6/8/09 9:46 AM Page 324 e 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


014-61. The 50-lb crate is hoisted by the motor M. If the 
crate starts from rest and by constant acceleration attains a 
speed of 12 ft/s after rising s = 10 ft, determine the power 
that must be supplied to the motor at the instant s = 10 ft. 
The motor has an efficiency e = 0.65. Neglect the mass of 
the pulley and cable. 


50 
yo 2r — 30 = 3554 


alee = ma 


(+1)? = v + 2a. (Ss — So) 


(12)* = 0 + 2(a)(10 — 0) 


a = 7.20 ft/s? 


Thus, 7 = 30.59 lb 

Sc + (Sc — Sp) = 1 

2Vc = Vp 

2(12) = vp = 24 ft/s 

P, = 30.59(24) = 734.16 


734.16 
P,= 065 = 1129.5 ft: lb/s 


P, = 2.05 hp 
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14-62. A motor hoists a 60-kg crate at a constant velocity 
to a height of h = 5 min2'. If the indicated power of the 
motor is 3.2 kW, determine the motor’s efficiency. 


Equations of Motion: 


+1=F,=ma,; — F — 60(9.81) = 6010) — F = 588.6 N 


5 
Power: The crate travels at a constant speed of v = ie 2.50 m/s. The power output 


can be obtained using Eq. 14-10. 


P = F-vy = 588.6 (2.50) = 1471.5 W 


Thus, from Eq. 14-11, the efficiency of the motor is given by 


tput = 1471.5 
Ape power output _ 94a 


power input 3200 6009.61) N 


14-63. If the jet on the dragster supplies a constant thrust 
of T = 20 kN, determine the power generated by the jet as 


a function of time. Neglect drag and rolling resistance, and 
the loss of fuel. The dragster has a mass of 1 Mg and starts 
from rest. 


Equations of Motion: By referring to the free-body diagram of the dragster shown 1000C€9-6) N 
in Fig. a, 


4 YF, = ma,; 20(10°) = 1000(a) a = 20 m/s? 
Kinematics: The velocity of the dragster can be determined from 
= Vo ae act 


0 + 20t = (20) m/s 


P = F-y = 20(10°)(201) 


= [400(10°)r| W 
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*14-64. Sand is being discharged from the silo at A to the 
conveyor and transported to the storage deck at the rate of 
360000 Ib/h. An electric motor is attached to the conveyor 
to maintain the speed of the belt at 3 ft/s. Determine the 
average power generated by the motor. 


Equations of Motion: The time required for the conveyor to move from point A 
SAB os 20/sin 30° 
3 


point B is tap = = 13.33 s. Thus, the weight of the sand on the 


th 


3600 s 
By referring to the free-body diagram of the sand shown in Fig. a, 


conveyor at any given instant is W = (360 000 to/h)( Jfasas s) = 1333.33 lb. 


1333.33 
+7DFy = may; F — 1333.3 sin 30° = = (0) 


F = 666.67 lb 


Power: Using the result of F, 


P = F-v = 666.67(3) = 2000 ft: lb/s 


1 hp 


——_F __) = 364h 
550 iw) E 


P = (2000 it-1b/s)( 


Note that P can also be determined in a more direct manner using 


Pou = a - (s00 000 al Ze J(20 ft) = 2000 ft- Ib/s 


h /\ 3600 s 


14-65. The 500-kg elevator starts from rest and travels 
upward with a constant acceleration a, = 2 m/s’. 
Determine the power output of the motor M when t = 3s. 
Neglect the mass of the pulleys and cable. 


+T=F,= ma 3T — 500(9.81) = 500(2) 


y3 
T = 1968.33 N 
3s—p — Sp=l 
3 VE = Vp 
When t = 3s, 
(+1) vo + act 
Ve = 0 + 2(3) = 6m/s 
vp = 3(6) = 18 m/s a WT 
Po = 1968.33(18) 


Po = 35.4kW . 500(9.8i)N 


=, 
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14-66. A rocket having a total mass of 8 Mg is fired 
vertically from rest. If the engines provide a constant thrust 
of T = 300 kN, determine the power output of the engines 
as a function of time. Neglect the effect of drag resistance 
and the loss of fuel mass and weight. 


+T =F, = ma 300(10°) — 8(10°)(9.81) = 8(10°)a_ = a = 27.69 m/s” 


sh 
(+1) v=ut+at 
T = 300 kN 
= 0 + 27.69t = 27.69t 


P = T-v = 300 (10°) (27.69t) = 8.31t MW , 800)(F-B) N 


T= 3000/07) N 


14-67. The crate has a mass of 150 kg and rests on a 
surface for which the coefficients of static and kinetic 
friction are uw, = 0.3 and pw, = 0.2, respectively. If the motor 
M supplies a cable force of F = (8t7 + 20) N, where fis in 
seconds, determine the power output developed by the 
motor when t = 5s. 


Equations of Equilibrium: If the crate is on the verge of slipping, Fy = ws N = 0.3N. 
From FBD(a), 


+T3F,=0; N-150981)=0 N= 14715N 


+UF,=0;  0.3(14715) -3(8+20)=0 ¢=3.9867s 


Equations of Motion: Since the crate moves 3.9867 s later, Fy = p,N = 0.2N. 
From FBD(b), 


+ TF, = ma N — 150(9.81) = 150(0) -N = 1471.5N 


ys 


AUF, =ma,; 0.2 (1471.5) — 3(87 + 20) = 150 (—a) 


a = (0.1607? — 1.562) m/s 


Kinematics: Applying dv = adt, we have 


v B) 
i dv = i (0.1607? — 1.562) dt 
0 3.9867 s 


v = 1.7045 m/s 


Power: At t= 5s, F = 8 (5?) + 20 = 220 N. The power can be obtained using 
Eq. 14-10. 


P = F-v = 3 (220) (1.7045) = 1124.97 W = 1.12kW Ans. 
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*14-68. The 50-Ib block rests on the rough surface for 
which the coefficient of kinetic friction is uw, = 0.2. A force k = 20 lb/ft 
F = (40 + s*) lb, where s is in ft, acts on the block in the ARAMA 
direction shown. If the spring is originally unstretched 

(s = 0) and the block is at rest, determine the power 


developed by the force the instant the block has moved 
s= 15 ft. 


+T=F,=0; Ng — (40 + s?)sin 30° - 50 =0 
Np = 70 + 0.5s* 


Py Bae G 


1.5 


15 
1 
0+ ip (40 + s*) cos 30° ds — 5 (20)(1.5)° — 0.2 ») (70 + 0.5s°) ds 
0 0 


0 + 52.936 — 22.5 — 21.1125 = 0.7764 v3 


v2 = 3.465 ft/s 

When s = 1.5 ft, 

F = 40 + (1.5)? = 42.25 Ib 

P = F-y = (42.25 cos 30°)(3.465) 


P = 126.79 ft Ib/s = 0.231 hp 


e14-69. Using the biomechanical power curve shown, 
determine the maximum speed attained by the rider and his 
bicycle, which have a total mass of 92 kg, as the rider 
ascends the 20° slope starting from rest. 


en Sr 7 
5 10 20 39) 


F = 92(9.81) sin 20° = 308.68 N 9209-81) N 


P=F-v; 1500 = 308.68 v 


v = 4.86 m/s 
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14-70. The 50-kg crate is hoisted up the 30° incline by the 
pulley system and motor M. If the crate starts from rest and, 
by constant acceleration, attains a speed of 4m/s after 
traveling 8 m along the plane, determine the power that 
must be supplied to the motor at the instant the crate has 
moved 8 m. Neglect friction along the plane. The motor has 
an efficiency of € = 0.74. 


Kinematics: Applying equation v* = vp + 2a, (s — so), we have 
V=0? + 2a(8—-0) a=1.00m/s? 


Equations of Motion: 
+2 Fy = may; F — 50(9.81) sin 30° = 50(1.00) F = 295.25N 
Power: The power output at the instant when v = 4m/s can be obtained using 
Eq. 14-10. 
P = F-y = 295.25 (4) = 1181 W = 1.181 kW 
Using Eq. 14-11, the required power input to the motor in order to provide the 
above power output is 


: power output 
power input = —————_ 
E 


1.181 
= O74 7 1.60 kW 


14-71. Solve Prob. 14-70 if the coefficient of kinetic 
friction between the plane and the crate is uw, = 0.3. 


Kinematics: Applying equation v* = vi + 2a, (s — so), we have 
’=( + 2a(8-0) a= 1.00m/s? 
Equations of Motion: 


+DFy = may; —N — 50(9.81) cos 30° = 50(0) = N = 424.79 N 


4+3Fy = F — 0.3 (424.79) — 50(9.81) sin 30° = 50(1.00) 


F = 422.69N 


Q=1.00 ms 


Eq. 14-10. Pad 


Power: The power output at the instant when v = 4m/s can be obtained using 


P =F-v = 422.69 (4) = 1690.74 W = 1.691 kW 


Using Eq. 14-11, the required power input to the motor to provide the above power 
output is 


: power output 
power input = ————— 
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*14-72. Solve Prob. 14-12 using the conservation of 
energy equation. 


Put Datum at center of block at lowest point. 


T,; + V,=T7.+ V2 


0+ 10160 + y)=0+4 G0," F490 3) =0 


37.5y’ — 145y — 397.5 = 0 


Solving for the positive root of the above equation, 


y = 5.720 in. 


sy = 5.72in. sy = 5.720 — 3 = 2.72 in. 


¢14-73. Solve Prob. 14~7 using the conservation of energy 
equation. 


Datum at B: 


Ta +V,a=Tgt+ Vp 
0+ 6(2) =0+ 5 (5)(12)(x)" 


x = 0.6325 ft = 7.59 in. 


14-74. Solve Prob. 14-8 using the conservation of energy 
equation. 


The spring has an initial and final compression of s; = 0.1 — 0.05 = 0.05 m and 
Sy = 0.1 — (0.05 + 0.0125) = 0.0375 m. 


T, + V, =7T.+ V2 


1 1 1 
[Fas | [ Wh] => mv, + ks,” + 0 


t F (2000(0.05)" = 5 (0.02)r4? + 5 (2000)(0.0375" 


v4 = 10.5 m/s 


14-75. Solve Prob. 14-18 using the conservation of energy 
equation. 


Ty ae Vi = T> bai V2 
1 2 1 2 1 2 
0 + 5 (100)(0.5)? + 5 (50)(0.5) = = (20)v? + 0 


v = 1.37 m/s 
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*14-76. Solve Prob. 14-22 using the conservation of 
energy equation. 


Datum at A 


Tat+V,=Tpt Ve 


; (=55)e0" +0= s(s5)% + 2(5) 


Vp = 24.042 = 24.0 ft/s 


SSF, = ma,; Ng = ( : (er) 


32.2 5 
Ng = 7.18 1b 


Tat+tVy,=Tct+Ve 


+ (35 eo? - i ; . + 2(10) 


ve = 16.0 ft/s 


2 


Nc = 1.18 1b 


014-77. Each of the two elastic rubber bands of the 
slingshot has an unstretched length of 200 mm. If they are 
pulled back to the position shown and released from rest, 
determine the speed of the 25-g pellet just after the 
rubber bands become unstretched. Neglect the mass of 
the rubber bands. Each rubber band has a stiffness of 
k = 50N/m. 


T, +V,=1T,+ V2 


0+ @($)oontv (0.05)? + (0.240)? — 0.27 = 5 (0.025)? 


v = 2.86 m/s 
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14-78. Each of the two elastic rubber bands of the 
slingshot has an unstretched length of 200 mm. If they are 
pulled back to the position shown and released from rest, 
determine the maximum height the 25-g pellet will reach if 
it is fired vertically upward. Neglect the mass of the rubber 
bands and the change in elevation of the pellet while it is 
constrained by the rubber bands. Each rubber band has a 
stiffness k = 50 N/m. 


T, +V,=T+V> 
0+ 2( £) soy (0.05)? + (0.240)? — 0.2 = 0 + 0.025(9.81)h 


h = 0.416m = 416mm 


14-79. Block A has a weight of 1.5 Ib and slides in the 
smooth horizontal slot. If the block is drawn back to 
s = 1.5 ft and released from rest, determine its speed at the 
instant s = 0. Each of the two springs has a stiffness of 
k = 150 lb/ft and an unstretched length of 0.5 ft. 


T,; + V, =7T.+ V2 


0+ 21 F as0y( (2)? + (1.5) 05) | 7 ( = Joa a5 (150)(2=05) (VO +00 5) ft 


2\ 32.2 x,=(2-0.5) ft 


v2 = 106 ft/s Ans. 
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*14-80. The 2-lb block A slides in the smooth horizontal 
slot. When s = 0 the block is given an initial velocity of 
60 ft/s to the right. Determine the maximum horizontal 
displacement s of the block. Each of the two springs has a 
stiffness of k = 150 lb/ft and an unstretched length of 0.5 ft. 


T, +V,=T,+ V2 


>( z (oo 2| 5 50) 05) | =04 | Laso( vores - as) | 


2 \32.2 


Set d = V (2) + s? then 


d —d— 2.745 =0 


Solving for the positive root, 
d = 2.231 
(2.231)? = (2) + s* 


Ss = 0.988 ft 


e14-81. The 30-lb block A is placed on top of two nested 
springs B and C and then pushed down to the position 
shown. If it is then released, determine the maximum height 
h to which it will rise. 


kp = 200 Ib/in. 


kc = 100 Ib/in. 
Conservation of Energy: 


T, + V,=7T.+ V2 


mi + (v.), + (v.) | = ae + (v.), + (v.): 


0+0+ 5 (200)(4) + 5 (100)(6)" = 0 + h(30) + 0 


Ah = 113 in. 
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14-82. The spring is unstretched when s = 1m and the 
15-kg block is released from rest at this position. Determine 
the speed of the block when s = 3m. The spring remains 
horizontal during the motion, and the contact surfaces 
between the block and the inclined plane are smooth. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the block at positions (1) and (2) are (Ve)i = mgh, = 15(9.81)(0) = Oand 
(Vi)2 = mgh, = 15(9.81)| -2 sin 30°] = —147.15 J. When the block is at position 


(1) the spring is unstretched. Thus, the elastic potential energy of the spring at this 


1 
instant is (V.)1 = % ks,* = 0. The spring is stretched s, = 2 cos 30° m when the 


1 


block is at position (2). Thus, (V.)> 25 


1 
ks,” = 3 (75)(2 cos 30°) = 112.5 J since it 


is being stretched s, = x. 


Conservation of Energy: 


T, + V,=7T.+ V2 


mv? + (vs), Es (v.), = my? + (¥), + (v2) 


(0 +0) = 5 (15)nn? + [-147.15 + 112.5] 


v2 = 2.15 m/s 


Datum 


Annee 


5,=20€o330°M 
(a 
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14-83. The vertical guide is smooth and the 5-kg collar is 
released from rest at A. Determine the speed of the collar 
when it is at position C. The spring has an unstretched 
length of 300 mm. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the collar at positions A and C are (Vela = mgh, = 5(9.81)(0) = 0 and 
(Vee = mghc = 5(9.81)(—0.3) = —14.715 J. When the collar is at positions A and 
C, the spring stretches s, = 0.4 — 0.3 = 0.1m and sc = V0.4 + 0.37 — 0.3 = 


0.2 m. The elastic potential energy of the spring when the collar is at these two 


1 1 
positions are (Vela 5 ks,? = 5 (250)(0.17) = 1.25 J and 


1 1 
(Vele= 3 sc? BS (250)(0.27) = 5J. 


Conservation of Energy: 


Tat+tVy,g=Tct+Ve 


xmvy? + (Vs). Va = inv? (ede = Wdc| 


1.25) = = (5)ve? + (-14.715 + 5) 


Vc = 2.09 m/s 


*14-84. The 5-kg collar slides along the smooth vertical 
rod. If the collar is nudged from rest at A, determine its 
speed when it passes point B. The spring has an 
unstretched length of 200 mm. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the collar at positions A and B are (Vela = mgh, = 5(9.81)(0) = 0 and 
(V.)e = mghg = 5(9.81)(0.3) = 14.715 J. The spring stretches s4 = 0.6 — 0.2 = 


0.4m and sg = 0.3 — 0.2 = 0.1m when the collar is at positions A and B, 

respectively. Thus, the elastic potential energy of the spring when the collar 
1 1 

is at these two positions are (Ve) = 5 ksa® 5 (500)(0.47) = 40J and 


1 1 
(V.)u = 5 kn? = 5 (500)(0.1?) = 2.53. 


Conservation of Energy: 


Tat+Vy,=Tpt+ Ve 


2 pp Bios (v.) + (V.) E | 
as i gs Ve” 03(/#C0s0") 


=0:6m 


(4) 


40) = = (5)vs? + (14.715 + 2.5) 


vg = 3.02 m/s 
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014-85. The cylinder has a mass of 20 kg and is released 
from rest when h = 0. Determine its speed when h = 3 m. 
The springs each have an unstretched length of 2 m. 


k =40N/m 


Potential Energy: Datum is set at the cylinder position when / = 0. When the cylinder 
moves to a position h = 3 m below the datum, its gravitational potential energy at this 
position is 20(9.81)(—3) = —588.6 J. The initial and final elastic potential energy are 
a5 (40)(2 — 2» = Qand2 E (40) (V2? + 3? - 2)" = 103.11 J, respectively. 


Conservation of Energy: 


ST, + SV, = ST) + 3V, 


1 
0+0= 5 (20) uv + 103.11 + (—588.6) 


v = 6.97 m/s 


14-86. Tarzan has a mass of 100 kg and from rest swings 
from the cliff by rigidly holding on to the tree vine, which 
is 10 m measured from the supporting limb A to his center 
of mass. Determine his speed just after the vine strikes the 
lower limb at B. Also, with what force must he hold on to 
the vine just before and just after the vine contacts the 
limb at B? 


Datum at C 
T,+V,=T)+V> 
1 
0 + 0 = = (100)(vc)? — 100(9.81)(10)(1 — cos 45°) 
2 10C0S45°m 
Vc = 7.581 = 7.58 m/s 


Just before striking B, p = 10 m: 


(7.581) 
10 ) 


+T=F, = ma,; T—- 981 = 100( 
T = 156kN . 10 (I-C0s45')m 


Just after striking B, p = 3m: 


(7.581) 
+T=F, = ma,;  T — 981 = 100 ; 
T = 2.90kN 


100(F-B1)N 
=98IN 
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14-87. The roller-coaster car has a mass of 800 kg, 
including its passenger, and starts from the top of the hill A 
with a speed v, = 3 m/s. Determine the minimum height h 


of the hill so that the car travels around both inside loops 


without leaving the track. Neglect friction, the mass of the 


wheels, and the size of the car. What is the normal reaction 


on the car when the car is at B and at C? 


Ta+V,=Tgpt+ Vez 


5 (800)(3)? +0= 5 (800)(v5) — 800(9.81)(h — 20) 
+ SF, = may; 800(9.81) = s00( *) 


Thus, 


vp = 9.90 m/s 


h = 245m Ans. 


At B: Nz = 0 


Ta + Va = Tc + Ve 
1 2 1 2 
5 (800)(3) + 0 = 5 (800)(vc)? = 800(9.81)(24.5 — 14) 


vc = 14.69 m/s 


14.692 
ay _ 
7 


+13F, = ma,; Ne + 800(9.81) = s00( 


er 
7 


Nc = 16.8kN 


337 


(For / to be minimum.) Ans. 


te. a (h- nee 
[A 


$00 (9.21) 


et 


$00(9.8))N 


‘ot Datum 


w00(9.81) (245-}4}om 


B00(9.81) tu 
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*14-88. The roller-coaster car has a mass of 800 kg, 
including its passenger. If it is released from rest at the top 
of the hill A, determine the minimum height h of the hill so 
that the car travels around both inside loops without 
leaving the track. Neglect friction, the mass of the wheels, 
and the size of the car. What is the normal reaction on the 
car when the car is at B and at C? 


NYA 


=| \/7, 


NZ 


Since friction is neglected, the car will travel around the 7-m loop provided it first 
travels around the 10-m loop. 


Ta+V,=Tgt+ Ve 


1 
0 + 0 = 5 (800)(v3) — 800(9.81)(h — 20) 
2 i a 
VB 
+1>SF, = may; 800(9.81) = s00o( 4) up 
8006 9.8) )N 
Thus, 
vg = 9.90 m/s 
h = 25.0m Ans. 
At B: Nz (For h to be minimum.) Ans. 


Tat+tVya=Tct+Ve 


JX 
0+0= 5 (800)(r0)" — 800(9.81)(25 — 14) fF 


vc = 14.69 m/s $00( 9.31) N 


eer) 


+1) >3F, = may; Nc + 800(9.81) = s00( 


Nc = 16.8kN 
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e14-89. The roller coaster and its passenger have a total 

mass m. Determine the smallest velocity it must have when 

it enters the loop at A so that it can complete the loop and Fane 
not leave the track. Also, determine the normal force the i 
tracks exert on the car when it comes around to the bottom 

at C. The radius of curvature of the tracks at B is ppg, and at 

C it is pc. Neglect the size of the car. Points A and C are at 

the same elevation. 


Equations of Motion: In order for the roller coaster to just pass point B without 
falling off the track, it is required that Nz = 0. Applying Eq. 13-8, we have 


vB 5 
=F, = may; mg = M\ —— UB = PBS 
PB 


Potential Energy: Datum is set at lowest point A. When the roller coaster is at point B, 
its position is h above the datum. Thus, the gravitational potential energy at this 
point is mgh. 
Conservation of Energy: When the roller coaster travels from A to B, we have 

T A +V A Tp + V B 


1 1 
3 mva +0= 3 (Pp 8) + mgh 


va = Vppsg + 2gh 
When the roller coaster travels from A to C, we have 


Tat+Vy,=Tct+ Ve 


1 1 
=~ m(pzg g + 2gh) + 0 = —mve + 0 
2 2 
ve = ppg + 2gh 
Equations of Motion: 


ZF, = may; No = mg = mf 


mg 
Nc = — (pg + pc + 2h) 
Pc 
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14-90. The 0.5-lb ball is shot from the spring device. The 
spring has a stiffness k = 10 lb/in. and the four cords C and 
plate P keep the spring compressed 2 in. when no load is on 
the plate. The plate is pushed back 3 in. from its initial 
position. If it is then released from rest, determine the speed 
of the ball when it reaches a position s = 30in. on the 
smooth inclined plane. 


Potential Energy: The datum is set at the lowest point (compressed position). 


30 
Finally, the ball is Ds 30° = 1.25 ft above the datum and its gravitational 


potential energy is 0.5(1.25) = 0.625 ft-lb. The initial and final elastic potential 
2 


1 23" 1 2 
energy are 5 (120)( D ) = 10.42 ft-lb and (1203) = 1.667 ft-lb, 


respectively. 


Conservation of Energy: 


27, FEV = 274 SV, 


1/05: \4 
+ 10.42 = + Q. 
0 + 10.42 (3) 0.625 


v = 32.3 ft/s 


14-91. The 0.5-lb ball is shot from the spring device 
shown. Determine the smallest stiffness k which is required 
to shoot the ball a maximum distance s = 30 in. up the 
plane after the spring is pushed back 3 in. and the ball is 
released from rest. The four cords C and plate P keep the 
spring compressed 2 in. when no load is on the plate. 


Potential Energy: The datum is set at the lowest point (compressed position). 

30 
Finally, the ball is rie 30° = 1.25 ft above the datum and its gravitational 
potential energy is 0.5(1.25) = 0.625 ft-lb. The initial and final elastic potential 

1 243 1 27 
energy are 5 wo/ D ) = 0.08681k and 2 w(2) = 0.01389k, respectively. 
Conservation of Energy: 
XT, ae =V1 = =T> FE =V> 
0 + 0.08681k = 0 + 0.625 + 0.01389k 


k = 8.57 lb/ft 
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*14-92. The roller coaster car having a mass ™ is released 
from rest at point A. If the track is to be designed so that the 
car does not leave it at B, determine the required height h. 
Also, find the speed of the car when it reaches point C. 
Neglect friction. 


Equation of Motion: Since it is required that the roller coaster car is about to leave 
2 2 
v v 
the track at B, Nz = 0. Here, a, = ———_ oe By referring to the free-body 
PB . 


diagram of the roller coaster car shown in Fig. a, 


2 
m(9.81) = nf “=| vp? = 73.575 m2/s? 


Potential Energy: With reference to the datum set in Fig. 5, the gravitational 
potential energy of the rollercoaster car at positions A, B, and C are 
(V.)a = mghy = m(9.81)h = 9.81mh, (V,)z = mghz = m(9.81)(20) = 196.2 m, 


and (Vee = mghc = m(9.81)(0) = 0. 


Conservation of Energy: Using the result of vg” and considering the motion of the 
car from position A to B, 


Tat+V,=Tzpt+ Ve 


mv? (Vela = 


1 
0 + 9.81mh = = m(73.575) + 196.2m 


h = 23.75 m 


Also, considering the motion of the car from position B to C, 


Tp +Vp=Tct+ Ve 


1 i 
3 77(73.575) + 196.2m = zm" +0 


Vc = 21.6 m/s 
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¢14-93. When the 50-kg cylinder is released from rest, the k = 300 N/m 
spring is subjected to a tension of 60 N. Determine the 4 
speed of the cylinder after it has fallen 200 mm. How far has 
it fallen when it momentarily stops? 


Kinematics: We can express the length of the cord in terms of the position 
coordinates s , and sy. By referring to Fig. a, 


Spt+2s,=l1 


Asp + 2As, = 0 (1) 


Potential Energy: By referring to the datum set in Fig. b, the gravitational potential 
energy of the cylinder at positions (1) and (2) are (Ve)t = mgh, = 50(9.81)(0) = 0 


and (Ve)o = mghz = 50(9.81)(—As,) = —490.5As,4. When the cylinder is at 
F 60 
positions (1) and (2), the stretch of the springs are s,; = reams tes 0.2m and 


So = s; + Asp = (0.2 + Asp)m. Thus, the elastic potential energy of the 


1 1 
spring at these two instances are (V.)1 5 ks? = 3 (300)(0.27) = 6 J and 


1 1 
(Velo = 5 82° = 5 (300)(0.2 + Asp)’ = 1500.2 + Asp). 


Conservation of Energy: For the case when As, = 0.2 m, from Eq. (1), we obtain 
Asp + 2(0.2) = Oor Asp = —0.4m = 0.4m —. We have 


T, + V, =7T2+ V2 


malvah? + | (Ve), + (Yeh f= dmalvalet+| (ve), + (ve| 


0+ (0+ 6) = 5 (50)(v4)n? + | -490.5(02) + 150(0.2 + 04) | 
(v4)2 = 1.42 m/s Ans, 


For the case when the cylinder momentarily stops at position (2), from Eq. (1), 
Asp = |-2As,| Also, (va)2 = 0. 


T, + V,=7T.+ V2 


Lmalvah? + | (Ve), + (Veh [= dmalvalet +] (ve), + (e| 


V 
+ 6) =04 [ 490.5As,) + 150(0.2 + 2854)" | 


As, = 0.6175 m = 617.5 mm 
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14-94. A pan of negligible mass is attached to two 
identical springs of stiffness k = 250 N/m. If a 10-kg box is 
dropped from a height of 0.5 m above the pan, determine 
the maximum vertical displacement d. Initially each spring 
has a tension of 50 N. 


k = 250 Nim 
AAP 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the box at positions (1) and (2) are (Veh = mgh, = 10(9.81)(0) = 0 and 
(V.)> = mgh; = 10(9.81)|—-(0.5 + d)| = —98.1(0.5 + d). Initially, the spring 


stretches 5, = = 0.2m. Thus, the unstretched length of the spring is 


250 
I) =1-—0.2=0.8m and the initial elastic potential of each spring is 


if 
(V.)1 = (2)5 ks,? = 2(250 / 2)(0.27) = 10 J. When the box is at position (2), the 


spring stretches 5) = (ve + 1? - 08) m. The elastic potential energy of the 


springs when the box is at this position is 


(Velo = (2) ks? = 2(250 / 2] Ve ep os} = 250( —16Vae2 +14 164). 


Conservation of Energy: 


T,+V,+7T,+ V2 


1 1 
zm +  (v) ae (v.) = zimn” + (v.) + (ve) 
1 2 
(0+ 10) =04 98.1(0.5 + d) + ail —16Va +14 164) 
250d? — 98.1d — 400V d? + 1 + 350.95 = 0 


Solving the above equation by trial and error, 


d= 134m 


h,= (0.5+d)m 
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14-95. The man on the bicycle attempts to coast around 
the ellipsoidal loop without falling off the track. Determine 
the speed he must maintain at A just before entering the 
loop in order to perform the stunt. The bicycle and man 
have a total mass of 85 kg and a center of mass at G. Neglect 
the mass of the wheels. 


Geometry: Here, y = 


= —0.4444 


and the radius of curvature at point B is 


[1+ (ay/axy} [a + 02] 
pais = 225m 
|d-y/dx"| |—-0.4444| 


Since the center of mass for the cyclist is 1.2 m off the track, the radius of curvature 
for the cyclist is 


p)=p-12=1.05m 


Equations of Motion: In order for the cyclist to just pass point B without falling off 
the track, it is required that N,z,=0. Applying Eq. 13-8 with @ = 0° 
and p = 1.05 m, we have 

vB 


Dy = Dj 
i) vz = 10.30 m*/s 


=F, = may; 85(9.81) = 8s( 


Potential Energy: Datum is set at the center of mass of the cyclist before he enters 
the track. When the cyclist is at point B, his position is (8 — 1.2 — 1.2) = 5.6m 
above the datum. Thus, his gravitational potential energy at this point is 
85(9.81)(5.6) = 4669.56 J. 


Conservation of Energy: 


Ta oF Va ~ Tp “fF Ve 
ne 1 
5 (85)v4 + 0 = 5 (85)(10.30) + 4669.56 


v4 = 11.0 m/s 
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*14-96. The 65-kg skier starts from rest at A. Determine 
his speed at B and the distance s where he lands at C. 
Neglect friction. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the skier at positions A and B are (Vela = mgh, = 65(9.81)(0) = 0 and 


(V.)5 = mghg = 65(9.81)(-15) = —9564.75 J. 
Conservation of Energy: 


Tat+V,=Tpt+ Ve 


: mw 4? (Vela = 


1 
0 + 0=. (65)vp? + (-9564.75) 
vg = 17.16 m/s = 17.2 m/s 


Kinematics: By considering the x-motion of the skier, Fig. b, 


(+) s.=(se)e + (va) 


s cos 30° = 0 + 17.16 cos 30°(t) 


s = 17.16t 


By considering the y-motion of the skier, Fig. a, 


(+1) sy (sa)y (va)yt 5 aye 


1 
—(4.5 + s sin 30°) = 0 + 17.16 sin 30°r + 5(—9.81)? Vy*/7-/o m/s 
0 = 4.5 + 0.5 + 8.5776 — 4.90517 


Solving Eqs. (1) and (2) yields 
s = 642m 


t = 3.743 s 
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014-97. The 75-kg man bungee jumps off the bridge at A 
with an initial downward speed of 1.5 m/s. Determine the 
required unstretched length of the elastic cord to which he 
is attached in order that he stops momentarily just above 
the surface of the water. The stiffness of the elastic cord is 
k = 3 kN/m. Neglect the size of the man. 


Potential Energy: With reference to the datum set at the surface of the water, the 
gravitational potential energy of the man at positions A and B are (V,) A= mgha= 
75(9.81)(150) = 110362.5 J and (V,)z = mghg = 75(9.81)(0) = 0. When the man 
is at position A, the elastic cord is unstretched (s, = 0), whereas the elastic cord 


stretches sz = (150 — Io) m, where /) is the unstretched length of the cord. Thus, the 


elastic potential energy of the elastic cord when the man is at these two positions are 
(Vea = . ks4? = Oand(V.)g = asa = 5 (3000)(150 — Ip)? = 1500(150 — 1p)’. 


Conservation of Energy: 


Ta+V,=Tpt+ Ve 


mvs? + [(v.), + (ve) - mvs? = [(v.), t (Vee 


5 (75)(1.%) + (110362.5 + 0) = 0 + [0 + 1500(150 — Jp)”] 
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14-98. The 10-kg block A is released from rest and slides 
down the smooth plane. Determine the compression x of 
the spring when the block momentarily stops. 


k =5kN/m 


Potential Energy: With reference to the datum set in Fig. a, the gravitational potential 
energy of the block at positions (1) and (2) are (Ve)t = mgh, = 10(9.81)(0) = 0 
and (V.)2 = mgh) = 10(9.81)|—(10 + x)sin 30°| = —49.05(10 + x), respectively. 


The spring is unstretched initially, thus the initial elastic potential energy of the 


spring is (V.)1 = 0. The final elastic energy of the spring is 
2 


1 1 
(V.)> = ksy° = 3 (5)(10°)x? since it is being compressed sy = x. 


Conservation of Energy: 


T, + V,=7T2+ V2 


zm? £ (vs), fe (v.), | = 52? + (v%), + (v2). 


(0 + 0) = 0 + [-49.05(10 + x)] + 5 (5)(10°)x? 


2500x* — 49.05x — 490.5 = 0 


Solving for the positive root of the above equation, 


x = 0.4529 m = 453 mm 


h,= (lotx)sin30° 
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14-99, The 20-lb smooth collar is attached to the spring 
that has an unstretched length of 4 ft. If it is released from 
rest at position A, determine its speed when it reaches 
point B. 


Potential Energy: With reference to the datum set at the x-y plane, the 
ravitational potential energy of the collar at positions A and B are 
(Ve) Wha = 20(6) = 120ft-Ib and = (V,)g = Whg = 20(0) = 0. The 
stretch of the spring when the collar is at _ positions A 
and B are s4 = OA— 1, = V(3 — 0)? + (-2 — 0 + (6 — 0) — 4 = 3 ft and 
Sp = OB-[= V4 0 + (3-0) —4=1ft. Thus, the elastic potential 
energy of the spring when the collar is at these two positions are 


(Vela= xksa? = 5 (50)(3%) = 225 ft-lb and (V,)g= ge 5(50)(1°) = 


5 
25 ft+ lb. 


Conservation of Energy: 


Ta+V,=Tgt+ Ve 


svat | (Vela + (Ve)a] 


1 
2 


0+(120 + 225) = 


vp = 32.1 ft/s 
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*14-100. The 2-kg collar is released from rest at A and 
travels along the smooth vertical guide. Determine the speed 
of the collar when it reaches position B. Also, find the normal 
force exerted on the collar at this position. The spring has an 
unstretched length of 200 mm. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational 
potential energy of the collar at positions A and B = are 
(V.)a = mghy = 2(9.81)(0) = 0 and (V,)g = mghg = 2(9.81)(0.6) = 11.772 J. 
When the collar is at positions A and_B, the spring stretches 
sa = V0.4 + 0.47 — 0.2 = 0.3657m and sz = V0.2? + 0.2? — 0.2 = 0.08284 m. 
Thus, the elastic potential energy of the spring when the collar is at these two 
positions are 


1 1 
(Vela= 3 sa’ = 7 (600)(0.3657") = 40.118 J 


1 1 

(V.)e = 5 kee” = 5 (600) 0.08284") = 2.0589 J. 
Conservation of Energy: 

TatVa=TgtVz 


1 


ava (ay + Va = siya? + |(ve)s + Vos] 


1 
0+ (0 + 40.118) = >(2)vg? + (11.772 +2.0589) 
vg = 5.127 m/s = 5.13 m/s 


0.2 
Equation of Motion: When the collar is at position B, 0 = tan”*( 5 
Fy, = ksp = 600(0.08284) = 49.71 N. Here, 


v2 vg? (5.127) 
"p02 #02 


= 131.43m/s’. 


By referring to the free-body diagram of the collar shown in Fig. b, 


k= 497A wee rys* 


2(9.81) + 49.71 sin 45°— Nz = 2(131.43) (b) 


Nz = —208.09N = 208N1 Ans. 


Note: The negative sign indicates that Nz acts in the opposite sense to that shown on 
the free-body diagram. 
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e14-101. A quarter-circular tube AB of mean radius r 
contains a smooth chain that has a mass per unit length of 7. 
If the chain is released from rest from the position shown, 
determine its speed when it emerges completely from the tube. 


Potential Energy: The location of the center of gravity G of the chain at 
positions (1) and (2) are shown in Fig. a. The mass of the chain is 


7 7 . 2r 7-2 
m= mol aT) = 3 Mor. Thus, the center of mass is at hy = r = ( )r 
T T 


With reference to the datum set in Fig. a the gravitational potential energy of the 
chain at positions (1) and (2) are 


T 2 Ta 
(Vet = mgh, = (Emurs)( = )r = ( 5 murs 


(Ve)> = mgh, = 0 


Conservation of Energy: 


T,; + V, =7T.+ V2 
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14-102. The ball of mass m is given a speed of 
v4 = V3gr at position A. When it reaches B, the cord hits 
the small peg P, after which the ball describes a smaller 
circular path. Determine the position x of P so that the 
ball will just be able to reach point C. 


Equation of Motion: If the ball is just about to complete the small circular path, the 


2 i 
cord will become slack at position C, ie., T = 0. Here, a, = ye ps By 


referring to the free-body diagram of the ball shown in Fig. a, Me, ae 


= = Vor — 
LF May mg=m ve" = g(r — x) (1) 


r-x 


Potential Energy: With reference to the datum set in Fig. b, the gravitational 
potential energy of the ball at positions A and C are (Vela mgh, = mg(0) = 0 
and (Vale = mghc = mg(2r — x). 


Conservation of Energy: 
T A +V A Tc “E Ve 


=mv 42 (Vela = 5 mve?+ (Vale 


1 1 
5 mGar) +0 = sive" + mg(2r — x) 


ve? = g(2x — 1) 


Solving Eqs. (1) and (2) yields 
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14-103. The ball of mass m is given a speed of 
v4 = V5gr at position A. When it reaches B, the cord hits 
the peg P, after which the ball describes a smaller circular 
path. If x = ar, determine the speed of the ball and the 
tension in the cord when it is at the highest point C. 


Potential Energy: With reference to the datum set in Fig. a, the gravitational 
potential energy of the ball at positions A and C are (Vela mgh, = mg(0) = 0 


4 4 
and (Vele = mghc = me( Sr) = 3 mer. 


Conservation of Energy: 


Tat+tV,g=Tct+Ve 


xv 42 + (Vela = xmve? 


7 
y2 38F 
Equations of Motion: Here, a, = £ = 7% By referring to the free-body diagram 
of the ball shown in Fig. b, pP r/ 


DF, = may; T + mg = m(7g) 


T = 6mg 
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*14-104. If the mass of the earth is M,, show that the 
gravitational potential energy of a body of mass m located a 
distance r from the center of the earth is V, = —GM,m/r. 
Recall that the gravitational force acting between the earth 
and the body is F = G(M,m/r’), Eq. 13-1. For the 
calculation, locate the datum an “infinite” distance from the 
earth. Also, prove that F is a conservative force. 


The work is computed by moving F' from position r, to a farther position r,. 


-u=- fra 


AS 1, co , let rz — r1, Fo = F,, then 


—-GM.m 


r 


To be conservative, require 


0 GM,.m 
pa vy, = - 2(- omen) 


or r 


_-~GM,.m 


r 


014-105. A 60-kg satellite travels in free flight along an 
elliptical orbit such that at A, where ry = 20 Mm, 
it has a speed v4 = 40 Mm/h. What is the speed of the 
satellite when it reaches point B, where rg = 80 Mm? 
Hint: See Prob. 14-104, where M, = 5.976(10™) kg and 
G = 66.73(107 1”) m3/(kg:s?). 


vag = 40 Mm/h = 11 111.1 m/s 


GM.m 


r 


Since V = — 


T, +V,=1T,+ V2 


66.73(10)'7(5.976)(10)*(60) 1 


2 66.73(10)~!7(5.976)(10)4(60) 
20(10)° 2 60" 


80(10)° 


5 (60)(11 111.17 


vp = 9672 m/s = 34.8 Mm/h Ans. 
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14-106. The double-spring bumper is used to stop the 
1500-lb steel billet in the rolling mill. Determine the 
maximum displacement of the plate A if the billet strikes 
the plate with a speed of 8 ft/s. Neglect the mass 
of the springs, rollers and the plates A and B. Take 
k, = 3000 lb/ft, k, = 45000 lb/ft. 


T, + V, =7T,+ V2 


1 & 
2 \ 32.2 


1 1 2 
°74+0=04 t+ = 
Je) 0=0 5 (3000) sz, 5) (4500)s5 


F, = 3000s, = 4500s>; 

5, = 1.5) 

Solving Eqs. (1) and (2) yields: 
5) = 0.5148 ft s; = 0.7722 ft 


S4 = 81 + Sy, = 0.7722 + 0.5148 = 1.29 ft 
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¢15-1. A 5-lb block is given an initial velocity of 10 ft/s up 
a 45° smooth slope. Determine the time for it to travel up 
the slope before it stops. 


—th 


(A+) my) + 5 7 F, dt = m(vy)r 


ae 


+ (—5 sin 45°)t = 
39,9 (19) (5 sin 45°)t = 0 


t = 0.439 s 


15-2. The 12-Mg “jump jet” is capable of taking off 
vertically from the deck of a ship. If its jets exert a constant 
vertical force of 150 KN on the plane, determine its velocity 
and how high it goes in t = 6s, starting from rest. Neglect 
the loss of fuel during the lift. 


m(vy), + x fF, dt = m(vy)2 /2(103)(9-B1I)N 


0 + 150(10°)(6) — 12(10°)(9.81)(6) = 12(10°)v 
v = 16.14 m/s = 16.1 m/s 
V=Vo t+ at 


16.14 = 0 + a(6) 


a = 2.690 m/s? [50 07) N 


1 2 
S = So + Moet 5 Got 


s=0+0+ 5 (2:690)(6) 


s= 484m 


355 


91962_04_s15_p0355-0478 6/8/09 11:33 AM Page 356 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


15-3. The graph shows the vertical reactive force of the 
shoe-ground interaction as a function of time. The first peak 
acts on the heel, and the second peak acts on the forefoot. 
Determine the total impulse acting on the shoe during the 
interaction. 


Impulse: The total impluse acting on the shoe can be obtained by evaluating the 
area under the F-t¢ graph. 


= 5 (600)[25(10~*)] + 5 (500 + 600)(50 — 25)(107>) 


+ : (500 + 750)(100 — 50)(10~>) + 5 (750)| (200 — 100)(10~)] 


= 90.0 lb:s 


*15-4. The 28-Mg bulldozer is originally at rest. 
Determine its speed when ¢ = 4s if the horizontal traction 
F varies with time as shown in the graph. 


(+) mv, + = [ "r dt = m(v,)2 


4 
O+ : (4 — 0.0127)(10°)dt = 28(10°)v 


v = 0.564 m/s 
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015-5. If cylinder A is given an initial downward speed of 


2 m/s, determine the speed of each cylinder when ¢ = 3s. 
Neglect the mass of the pulleys. 


Free-Body Diagram: The free-body diagram of blocks A and B are shown in Figs. b 
and c, respectively. Here, the final velocity of blocks A and B, (v,), and (vz), must 
be assumed to be directed downward so that they are consistent with the positive 
sense of s , and s, shown in Fig. a. 


Kinematics: Expressing the length of the cable in terms of s, and sp by referring to 
Fig. a, 


2s, + 2sp =1 
Sa + Sp = 1/2 
Taking the time derivative of Eq. (1), we obtain 
(+1) vatvg=0 (2) 


Principle of Impulse and Momentum: Initially, the velocity of block A is directed 
downward. Thus, (va)s =2m/s \. 


From Eq. (2), 


(+1) 2 + (vg): = 0 (vg); = -2 m/s = 2 m/s t 


By referring to Fig. b, 


(+1) m(va)1 + sf F, dt = m(va)s 


8(-2) + 2T(3) — 8(9.81)(3) = 8[-(va)>] 
6T = 251.44 — 8(v4)> 


By referring Fig. c, 


(41) mos) +3 [ Rat nti 
10(2) + 27(3) — 10(9.81)(3) = 10[—-(vg)>| 
6T = 2743 — 10(vg)2 
Solving Eqs. (2), (3), and (4), 
(v4)o = -1.27 m/s = 1.27 m/st 
(vg). = 1.27 m/st 


T = 43.6N 


hh, 


WG-8) N 
Cc) 
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15-6. A train consists of a 50-Mg engine and three cars, 
each having a mass of 30 Mg. If it takes 80s for the train to 
increase its speed uniformly to 40 km/h, starting from rest, 
determine the force T developed at the coupling between 
the engine E and the first car A. The wheels of the engine 
provide a resultant frictional tractive force F which gives 
the train forward motion, whereas the car wheels roll freely. 
Also, determine F acting on the engine wheels. 


(v,)2 = 40 km/h = 11.11 m/s 


Entire train: 


) moor + [Feat = moos 


0 + F(80) = [50 + 3(30)](10°)(11.11) 
F = 19.4kN 


Three cars: 


(+) m(v,)1 + x fF. dt = m(vx)2 


0 + (80) = 3(30)(10*)(11.11) T = 12.5kN 


abl | Ios 
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15-7. Determine the maximum speed attained by the 
1.5-Mg rocket sled if the rockets provide the thrust shown in 
the graph. Initially, the sled is at rest. Neglect friction and the 
loss of mass due to fuel consumption. 


Principle of Impulse and Momentum: The graph of thrust T vs. time ¢ due to the 
successive ignition of the rocket is shown in Fig. a. The sled attains its maximum 
speed at the instant that all the rockets burn out their fuel, that is, at ¢ = 2.5 s. The 
impulse generated by T during 0 = ¢ = 2.5s is equal to the area under the T vs ¢ 
graphs. Thus, 


T= i Tdt = 30(10°)(0.5 — 0) + 60(10°)(1 — 0.5) + 90(10°)(1.5 — 1) 
+ 60(10°)(2 — 1.5) + 30(10°)(25 — 2) = 135000 N-s 


By referring to the free-body diagram of the sled shown in Fig. a, 


(+) m(v1)x + =f F,dt = m(v2), 


1500(0) + 135000 = 1500Vmax 


Vmax = 90 m/s 
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*15-8. The 1.5-Mg four-wheel-drive jeep is used to push 
two identical crates, each having a mass of 500 kg. If the 
coefficient of static friction between the tires and the 
ground is yn, = 0.6, determine the maximum possible speed 
the jeep can achieve in 5 s without causing the tires to slip. 
The coefficient of kinetic friction between the crates and 
the ground is uw, = 0.3. 


Free-Body Diagram: The free-body diagram of the jeep and crates are shown in Figs. 
a and b, respectively. Here, the maximum driving force for the jeep is equal to the 
maximum static friction between the tires and the ground, ie., Fp = w,N; = 0.6N,. 
The frictional force acting on the crate is ( F;) c= UNe = 0.3Ne- 


Principle of Impulse and Momentum: By referring to Fig. a, vu [500 GBI) N 


(+1) m(v1), + x | Fydt = m(v>), 
1500(0) + N; (5) — 1500(9.81)(5) = 1500(0) 


N, = 14715N 


ty 
(+) m( v1)» + 2 f F dt = m( v2)» 
t 
1500(0) + 0.6(14715)(5) — P(5) = 1500v 
v = 29.43 — 3.333(10 *)P 


By considering Fig. b, 


ty 
(+1) m(v1), + a Fydt = m(v>), 
ty 
1000(0) + Nc (5) — 1000(9.81)(5) = 1000(0) 
Nc = 9810 N 
ty 
m( v1)» + 2 f F dt = m(V>)» 
th 
1000(0) + P(5) — 0.3(9810)(5) = 1000v 
v = 0.005P — 14.715 
Solving Eqs. (1) and (2) yields 
v = 11.772 m/s = 11.8 m/s 


P =52974N 
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015-9. The tanker has a mass of 130 Gg. If it is originally 
at rest, determine its speed when ¢ = 10s. The horizontal 
thrust provided by its propeller varies with time as shown in 
the graph. Neglect the effect of water resistance. 


Principle of Linear Impulse and Momentum: Applying Eq. 15-4, we have F=30(1—e°") 


ty 
m(v,)1 a | F, dt = m(vx)2 
ty 


10s 
(5) oF [ 30(10°)(1 — e"")dt = 0.130(10°) v 
0 


v = 0.849 m/s 


15-10. The 20-lb cabinet is subjected to the force 
F = (3 + 2t) lb, where ¢ is in seconds. If the cabinet is 
initially moving down the plane with a speed of 6 ft/s, 
determine how long for the force to bring the cabinet to 
rest. F always acts parallel to the plane. 


(+7) m(v,), + x fF. dt = m(v,)2 


(So + 20(sin 20°)t [oc + 2t)dt = 0 


3.727 + 3.840 — 7 = 0 


Solving for the positive root, 


t = 4.64s 
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15-11. The small 20-lb block is placed on the inclined 
plane and subjected to 6-lb and 15-Ib forces that act parallel 
with edges AB and AC, respectively. If the block is initially at 
rest, determine its speed when t = 3s. The coefficient of 
kinetic friction between the block and the plane is nw, = 0.2. 


Free-Body Diagram: Here, the x—y plane is set parallel with the inclined plane. Thus, 
the z axis is perpendicular to the inclined plane. The frictional force will act along 
but in the opposite sense to that of the motion, which makes an angle 6 with the x 
axis. Its magnitude is Fy = w,N = 0.2N. 


Principle of Impulse and Momentum: By referring to Fig. a, 
ty 
m(v1): + | F,dt = mv). 
hy 


on (0) + N(3) — 20 cos 30°(3) = 3 (0) 


N = 17.32 |b 


t. 
m(v1)» + 2 fr, dt = m( V5)» 
ty 


20 


399 0) + 6(3) - [0.2(17.32) cos 6|(3) = = al cos 0) 


cos 0(v + 16.73) = 28.98 


t 
m(v1), + ee dt = m(v>), 
ty 


20 
32.2 ) 


20 
32:2 


+ 15(3) — (20 sin 30°)(3) — [0.2(17.32) sin |(3) = (v sin 6) 


sin 0(v + 16.73) = 24.15 (2) 
Solving Eqs. (1) and (2), 
0 = 39.80° 


v = 20.99 ft /s = 21.0 ft /s 
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*15-12. Assuming that the force acting on a 2-g bullet, as 
it passes horizontally through the barrel of a rifle, varies 
with time in the manner shown, determine the maximum 
net force Fy applied to the bullet when it is fired. The muzzle 
velocity is 500 m/s when t = 0.75 ms. Neglect friction 
between the bullet and the rifle barrel. 


Principle of Linear Impulse and Momentum: The total impluse acting on the bullet 
can be obtained by evaluating the area under the F-+t graph. Thus, 


l= i} "F, dt = 5 (F)[05(10~)] + 5 (Fe (0.75 — 0.5)(1077)] 


= 0.375(10°3) Fo. Applying Eq. 15-4, we have 


ty 
m(v,), + =f Fy, dt = m(v,)2 
ty 


(4) 0 + 0.375(1073) Fy = 2(10-3)(500) 


Fo = 2666.67 N = 2.67 kN 


e15-13. The fuel-element assembly of a nuclear reactor 
has a weight of 600 lb. Suspended in a vertical position from 
H and initially at rest, it is given an upward speed of 5 ft/s 
in 0.3 s. Determine the average tension in cables AB and AC 
during this time interval. 


(+1) mv) + = if Fy dt = m(vy) 


0 + 2(T cos 30°)(0.3) — 600(0.3) = (SJ 


T = 526 lb 
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15-14. The 10-kg smooth block moves to the right with a 
velocity of v) = 3 m/s when force F is applied. If the force 
varies as shown in the graph, determine the velocity of the 
block when t = 4.5 s. 


Principle of Impulse and Momentum: The impulse generated by force F during 


0=t=45 is equal to the area under the F vs. ¢ graph, ie., 


1 1 
l= [ra =5 (20)(3 — 0) 4 | 5 (20)(4.5 — 3)| = 15N:s. Referring to the 


free-body diagram of the block shown in Fig. a, 


(4) mle +2 [Rede = mfr) 


10(3) + 15 = 10v 


v = 450 m/s 


15-15. The 100-kg crate is hoisted by the motor M. If the 
velocity of the crate increases uniformly from 1.5m/s to 
4.5m/s in 5 s, determine the tension developed in the cable 
during the motion. 


Principle of Impulse and Momentum: By referring to the free-body diagram of the 
crate shown in Fig. a, 


(41) m()y+3 / Palen) 


100(1.5) + 27(5) — 100(9.81)(5) = 100(4.5) 


T = 520.5N 


100(4-81) N 
(a) 
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*15-16. The 100-kg crate is hoisted by the motor M. The 
motor exerts a force on the cable of T = (200¢”? + 150) N, 
where f is in seconds. If the crate starts from rest at the ground, 
determine the speed of the crate whent = Ss. 


Free-Body Diagram: Here, force 2T must overcome the weight of the crate before it 
moves. By considering the equilibrium of the free-body diagram of the crate shown 
in Fig. a, 


+TIF, = 0; 2(200r"? + 150) — 100(9.81) = 0 t = 2.8985 s 


Principle of Impulse and Momentum: Here, only the impulse generated by force 2T 
after f = 2.8186 s contributes to the motion. Referring to Fig. a, 


(+1) mn) #2 / de Soni 


5s 
100(0) + 2 iy (20001 + 150 Ja — 100(9.81)(5 — 2.8985) = 100v 
2.898 s 


v = 2.34 m/s Ans. 


100(4-81) N 


015-17. The 5.5-Mg humpback whale is stuck on the shore 
due to changes in the tide. In an effort to rescue the whale, a 
12-Mg tugboat is used to pull it free using an inextensible 
rope tied to its tail. To overcome the frictional force of the 
sand on the whale, the tug backs up so that the rope 
becomes slack and then the tug proceeds forward at 3 m/s. 
If the tug then turns the engines off, determine the average 
frictional force F on the whale if sliding occurs for 1.5 s 
before the tug stops after the rope becomes taut. Also, what 
is the average force on the rope during the tow? 


(+) m (voi + 3 i Fy dt = mg(v,)2 


0 + 12(10°)(3) - F(.5) =0+0 


F =24kN 


m (vy), + » [rat = 


12(10°)(3) — T(1.5) 


T = 24kN 
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15-18. The force acting on a projectile having a mass m as 
it passes horizontally through the barrel of the cannon is 
F = Csin (at/t’). Determine the projectile’s velocity when 
t = t’. If the projectile reaches the end of the barrel at this 
instant, determine the length s. 


(+) m(v,) + 3 i F, dt = m(v,)s 


15-19. A 30-Ib block is initially moving along a smooth 
horizontal surface with a speed of v, = 6 ft/s to the left. If it 
is acted upon by a force F, which varies in the manner 
shown, determine the velocity of the block in 15 s. 


(+) m(v,) + 2 fF. dt = m(v,)2 
(Jo + fos cos (=1) dt = (= 
5.59 + (25) sin (= )(2) = ( 


5.59 + (25)[ (2) - (Soo 


(v,)2 = 91.4 = 91.4 ft/s<— 


366 


91962_04_s15_p0355-0478 6/8/09 11:33 AM Page 367 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*15-20. Determine the velocity of each block 2 s after the 
blocks are released from rest. Neglect the mass of the 
pulleys and cord. 


Kinematics: The speed of block A and B can be related by using the position 
coordinate equation. 


[1] 


Principle of Linear Impulse and Momentum: Applying Eq. 15-4 to block A, we have 


t 
mee S , Pere oe 
ty 


(335) + 27 ~ 190) = -(395) 9 


Applying Eq. 15-4 to block B, we have 


t 
(uy) + [Ryde = m(oy)e 
ty 


ty -(S)@ + 7@ - 502) = -(55 Jon 
Solving Eqs. [1], [2] and [3] yields 
va = —27.6 ft/s = 27.6ft/s T vp = 55.2 ft/s | 


T = 7.143 Ib 


e15-21. The 40-kg slider block is moving to the right with 
a speed of 1.5 m/s when it is acted upon by the forces F; and 
F.. If these loadings vary in the manner shown on the graph, 
determine the speed of the block at t = 6 s. Neglect friction 
and the mass of the pulleys and cords. 


The impulses acting on the block are equal to the areas under the graph. 


(+) m(v,), + x fF, dt = m(v,)2 


40(1.5) + 4[(30)4 + 10(6 — 4)] — [10(2) + 20(4 — 2) 
+ 40(6 — 4)] = 4015 


v. = 12.0m/s(—) 


1m = 
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15-22. At the instant the cable fails, the 200-lb crate is 
traveling up the plane with a speed of 15 ft/s. Determine the 
speed of the crate 2 s afterward. The coefficient of kinetic 
friction between the crate and the plane is uw, = 0.20. 


Free-Body Diagram: When the cable snaps, the crate will slide up the plane, stop, 
and then slide down the plane. The free-body diagram of the crate in both cases are 
shown in Figs. a and b. The frictional force acting on the crate in both cases can be 
computed from Fy = uzN = 0.2N. 


Principle of Impulse and Momentum: By referring to Fig. a, 


t 
+\ m(v4)y + x [Fy dt = m(v2)y 
ty 


200 
~ 32.2 (0) 


200 ; Poe 
32.2 (0) 4 N(t') 200 cos 45 (t ) = 


N = 141.42 Ib 


ty 
+7 m(4)y + a Fy dt = m(v9)y 
ty 


200 sy eats «. ) _ 200 
379 (15) — 200 sin 45 (t’) — 0.2(141.42)(t") = 355 0) 


t' = 0.5490 s 


Thus, the time the crate takes to slide down the plane is t” = 2 — 0.5490 = 1.451 s. 
Here, N = 141.42 for both cases. By referring to Fig. b, 


t 
+7 m(v1)» + x | Fe dt = m( v9)» 
ty 


200 
37.9 (0) + 0.2(141.42)(1.451) — 200 sin 45°(1.451) = 


200 
32.2”) 


v = 26.4 ft/s 
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15-23. Forces F, and F, vary as shown by the graph. The 
5-kg smooth disk is traveling to the left with a speed of 
3m/s whent = 0. Determine the magnitude and direction 
of the disk’s velocity whent = 4s. 


Principle of Impulse and Momentum: The impulse generated by F, and F, during 


the time period 0 = t = 4s is equal to the area under the F, vs t and F, vs t graphs, 


iL 5 (20(1) + 20(3 — 1) + 10(4 - 3) = 60N-s and I, = 5 (2003 — 0) 


>) (20)(4 — 3) = 40 Ns. By referring to the impulse and momentum diagram 


shown in Fig. a 


2 


(+) mnjers i ee 


—5(3) + 40 — 60 cos 30° = 5v, 


vy = —5.392 m/s = 5.392 m/s <— 


ty 
(+1) m(v1), + z | Fydt = m(v>), 
ty 
0 + 60 sin 30° = Sy, 
vy = 6m/s 


Thus, the magnitude of v, 


v= Vv,2 + v,? = V5.392? + 6 = 8.07 m/s 


and the direction angle 9 makes with the horizontal is 


Vy 6 
= tan”! = tan”! = 48.1° 
OF en (=) " (<5) 


Sv Y, 
5) k4-m/s {= 40N'S ¢ vu 
[IN 


I,=60N-5 2 
(2) Y= $.3492mI/s 
(b) 
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*15-24. A 0.5-kg particle is acted upon by the force 
F = {2/1 — (3t + 3)j + (10 — ?)k}N, where ¢ is in 
seconds. If the particle has an initial velocity of 
vo = {5i + 10j + 20k} m/s, determine the magnitude 
of the velocity of the particle whent = 3s. 


Principle of Impulse and Momentum: 


ty 
my, + z | Fdt = mv, 
aT 


3s 

0.5(5i + 10j + 20k) +f 2 (3t + 3)j 
0 

v) = {41i — 35j + 62k} m/s 


The magnitude of v, is given by 
v= Vin + (ay? + (a) = VA (=35) + (2p 


= 82.2 m/s 


e15-25. The train consists of a 30-Mg engine E, and cars A, 
B, and C, which have a mass of 15 Mg, 10 Mg, and 8 Mg, 
respectively. If the tracks provide a traction force of 

30 KN on the engine wheels, determine the speed of 
the train when ¢f = 30s, starting from rest. Also, find the 
horizontal coupling force at D between the engine FE and 
car A. Neglect rolling resistance. 


Principle of Impulse and Momentum: By referring to the free-body diagram of the 0009-8 D) N 15000(9-61) N 
entire train shown in Fig. a, we can write 


b (0000(481) 30000(9B))N 
(+) (as i Farah) 


63 000(0) + 30(103)(30) = 63 000v 


3 
vy = 14.29 m/s Ans, Vv f=3000) N 


—>- 


——_z 
Using this result and referring to the free-body diagram of the train’s car shown in 


Fig. b, 


(+) mje / Busine: 


33000(0) + Fp(30) = 33 000(14.29) 


Fp = 15714.29N = 15.7kN 
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15-26. The motor M pulls on the cable with a force of F, 
which has a magnitude that varies as shown on the graph. If 
the 20-kg crate is originally resting on the floor such that 
the cable tension is zero at the instant the motor is turned 
on, determine the speed of the crate when ¢ = 6s. Hint: 
First determine the time needed to begin lifting the crate. 


t (s) 


250 j 
Equations of Equilibrium: For the period 0 = 1 <5s, F = =f = (50r) N. The F 6ot)t 


time needed for the motor to move the crate is given by 


+TXF,=0; 50¢r— 2019.81) =0 1=3.9248<5s 


RAISE 
Principle of Linear Impulse and Momentum: The crate starts to move 3.924 s after mw 
TEE Gee 


the motor is turned on. Applying Eq. 15-4, we have 


m(vy)1 + 2 for, dt = m(vy)2 ROG bi) N 


5s 


(+1) 200) + i sya SWIM + 250(6 — 5) — 20(9.81)(6 ~ 3.924) = 200 


v = 4.14m/s Ans, 


15-27. The winch delivers a horizontal towing force F to 
its cable at A which varies as shown in the graph. Determine 
the speed of the 70-kg bucket when ¢ = 18 s. Originally the 
bucket is moving upward at v, = 3 m/s. 


Principle of Linear Impulse and Momentum: For the time period 12s = t < 18s, 
F — 360 _ 600 — 360 
t—12 24 — 12 


,F = (20t + 120) N. Applying Eq. 15-4 to bucket B, we have 


ty 
(uy) +2 [Ryde = m(oy)e 
1 


18s 
(+1)  70(3) + 2| 360012) + i ,, 20+ 120)4t| — 70(9.81)(18) = 70vy 


v2 = 21.8 m/s Ans, 70981) A 
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*15-28. The winch delivers a horizontal towing force 
F to its cable at A which varies as shown in the graph. 
Determine the speed of the 80-kg bucket when ¢ = 24s. 
Originally the bucket is released from rest. 


Principle of Linear Impulse and Momentum: The total impluse exerted on bucket B 


can be obtained by evaluating the area under the F+t graph. Thus, 
‘ 1 
[= a Fydt = 2|360(12) + 3 (360 + 600)(24 — 12)| = 20160 N-s. Applying 
t 
Eq. 15-4 to the bucket B, we have 


t 
muy + © [Ryde = mvs), 
ty 


(+1) 80(0) + 20160 — 80(9.81)(24) = 80v, 80(98)) N 


v2 = 16.6m/s 


372 


91962_04_s15_p0355-0478 6/8/09 11:33 AM Page 373 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


015-29. The 0.1-lb golf ball is struck by the club and then 
travels along the trajectory shown. Determine the average 
impulsive force the club imparts on the ball if the club 
maintains contact with the ball for 0.5 ms. 


Kinematics: By considering the x-motion of the golf ball, Fig. a, 
(+) s=(s0) + (vole 
500 = 0 + vcos 30°t 


500 
v cos 30° 


Subsequently, using the result of t and considering the y-motion of the golf ball, 


(+1) = (su) + (m)e+d 


; 500 1 500. —\? 
+ : : 
Desa (; cos =) 3 - a(- cos =) 


136.35 ft/s 


Principle of Impulse and Momentum: Here, the impulse generated by the weight of 
the golf ball is very small compared to that generated by the force of the impact. 
Hence, it can be neglected. By referring to the impulse and momentum diagram 
shown in Fig. b, 


() mnie + 2 [Fede = mv) 
t 
gh. Oe 
O + Fag O.5)(10) = 25 (136.35) 


Fayg = 847 Ib Ans. 


O10.5)(0 |b.$ =O 


: ae >” 35) Sia. Sy 


© +5 


l 
SFaé fang)(05)0%) 
(b) 
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15-30. The 0.15-kg baseball has a speed of v = 30 m/s 
just before it is struck by the bat. It then travels along the 
trajectory shown before the outfielder catches it. Determine 
the magnitude of the average impulsive force imparted to 
the ball if it is in contact with the bat for 0.75 ms. 


(ey 
100 = 0 + vcos 30° t 


100 
v cos 30° 


Subsequently, using the result of t and considering the y-motion of the golf ball. 


(41) x= (aly + Only Saye 


v cos 30° , v cos 30° 


1.75 =0+ vsin s( 


100 ; 100 i 


v = 34.18 m/s 


Principle of Impulse and Momentum: Here, the impulse generated by the weight of 
the baseball is very small compared to that generated by the force of the impact. 
Hence, it can be neglected. By referring to the impulse and momentum diagram 
shown in Fig. b, 


(+) mje i “Feareiln: 


—0.15(30) cos 15° + (Fin) (0.75)(10-3) = 0.15(34.18) cos 30° 


(Fee) = 11715.7N 


(41) mn), +3 y pee 


—0.15(30) sin 15° + (Fae) (0.75)(10-3) = 0.15(34.18) sin 30° 
y 


(Fas), = 4970.9 N 


F 


©-4)(FB1(0750 =O 


+ 
(15? 


Faw). (075X107) 
).(oJsKi0”) 
(6) 


(Favg 
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15-31. The 50-kg block is hoisted up the incline using the 
cable and motor arrangement shown. The coefficient of 
kinetic friction between the block and the surface is u, = 0.4. 
If the block is initially moving up the plane at vg = 2 m/s, and 
at this instant (t = 0) the motor develops a tension in the cord 
of T = (300 + 120V) N, where ¢ is in seconds, determine 
the velocity of the block when t = 2s. 


+NZF, = 0; Ng — 50(9.81)cos 30° = Nz = 424.79N 
(+7) m(vy,), + z fF, dt = m(\,)2 


2 
50(2) + i (300 + 120Vt)dt — 0.4(424.79)(2) 
0 
— 50(9.81)sin 30°(2) = 50v, 
v, = 192 m/s 


*15-32. The 10-Ib cannon ball is fired horizontally by a 500-lb 2000 ft/s 
cannon as shown. If the muzzle velocity of the ball is 2000 ft/s, TY 
measured relative to the ground, determine the recoil velocity 
of the cannon just after firing. If the cannon rests on a smooth 
support and is to be stopped after it has recoiled a distance of 
6 in., determine the required stiffness k of the two identical 


springs, each of which is originally unstretched. 


Free-Body Diagram: The free-body diagram of the cannon and ball system is shown 
in Fig. a. Here, the spring force 2F,, is nonimpulsive since the spring acts as a shock 
absorber. The pair of impulsive forces F resulting from the explosion cancel each 
other out since they are internal to the system 


Conservation of Linear Momentum: Since the resultant of the impulsice force along 
the x axis is zero, the linear momentum of the system is conserved along the x axis. 


) me(vc)1 + ml ¥5)1 = me(vc)2 as mol V5)> 


500 10 500 10 
(vc)2 | 


0) 4 (2000) 


32.2 9) * 399 = 399 395 


(vc)2 = —40 ft/s = 40 ft/s <— Ans. 


Conservation of Energy: The initial and final elastic potential energy in each spring are 


1 1 
(V.); = 5 ks? = Oand(V,)> = 5 


1 
ksp? = >) k(0.5") = 0.125k. By referring to Fig. a, 
T; + V; = Ty + Ve 


a me(ve)i? + 2(Ve)i = 5 mel ve)y? + 2(Ve)p 


1 (22)(a") + 2(0) = 0 + 2(0.125k) 


k = 49 689.44 lb/ft = 49.7 kip/ft 
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15-33. A railroad car having a mass of 15 Mg is coasting at 
1.5 m/s on a horizontal track. At the same time another car 
having a mass of 12 Mg is coasting at 0.75 m/s in the 
opposite direction. If the cars meet and couple together, 
determine the speed of both cars just after the coupling. 


Find the difference between the total kinetic energy before 
and after coupling has occurred, and explain qualitatively 
what happened to this energy. 


(4) Zmy, = Umv2z 
15 000(1.5) — 12 000(0.75) = 27 000(v>) 


v2 = 0.5 m/s 


1 1 
Ti (15 000)(1.5)* + ; (12 000)(0.75)? = 20.25 kJ 


1 
Ue ae (27 000)(0.5)* = 3.375 kJ 


AT =T, -T> 


= 20.25 — 3.375 = 16.9kJ 


This energy is dissipated as noise, shock, and heat during the coupling. 


15-34. The car A has a weight of 4500 lb and is traveling to 
the right at 3 ft/s. Meanwhile a 3000-Ib car B is traveling at 
6 ft/s to the left. If the cars crash head-on and become 
entangled, determine their common velocity just after the 
collision. Assume that the brakes are not applied during 


collision. 


(4) ma, (Va) + mg(vg), = (M4 + Mp)v2 


4500 3000 7500 
32.2 9) ~ 329 8) = 399% 


vy = —0.600 ft/s = 0.600 ft/s <— 
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15-35. The two blocks A and B each have a mass of 5 kg 
and are suspended from parallel cords. A spring, having a 
stiffness of k = 60 N/m, is attached to B and is compressed 
0.3 m against A as shown. Determine the maximum angles 6 
and ¢ of the cords when the blocks are released from rest 
and the spring becomes unstretched. 


( +) =myv, = Zmvz 
0+ 0 = —5Svy + 5vz 
V4 =Vg=V 

Just before the blocks begin to rise: 


T, + V, =7T.+ V2 


(0 + 0) + 5 (60)(0.3)? = 5 VOY? + 5 O)(v? + 0 


v = 0.7348 m/s 


For A or B: Datum at lowest point. 


T, + V,=T,+V> 
1 
3 (5)(0.7348)° + 0 = 0 + 5(9.81)(2)(1 — cos 6) 


6 = o = 9.52° 
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*15-36. Block A has a mass of 4 kg and B has a mass of 
6 kg. A spring, having a stiffness of k = 40 N/m, is attached 
to B and is compressed 0.3 m against A as shown. 
Determine the maximum angles 6 and ¢ of the cords after 
the blocks are released from rest and the spring becomes 
unstretched. 


(+) =m, Vy = UM) V2 
0+ 0 = 6vg — 4vy 
v4 = 1.5vg 
Just before the blocks begin to rise: 
T, + V, =T.+ V2 
(0 + 0) + 5 (40)(03) = 5 Ava? + 5 (6)(v5)" al) 
3.6 = 42, + 6v% 
3.6 = 4(1.5vg) + 6% 
Vz = 0.4899 m/s v4 = 0.7348 m/s 
For A: 


Datum at lowest point. 


T, + V, =7T,+ V2 


5 (4)(0.7348) +0 =0 + 4(9.81)(2)(1 — cos @) 


6 = 9.52° 
For B: 


Datum at lowest point 


T,+V,=T,+ V2 
5 (6)(0.4899) +0 =0 + 6(9.81)(2)(1 — cos 6) 


= 6.34° 
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e15-37. The winch on the back of the Jeep A is turned on 
and pulls in the tow rope at 2 m/s measured relative to the 
Jeep. If both the 1.25-Mg car B and the 2.5-Mg Jeep A are 
free to roll, determine their velocities at the instant they 
meet. If the rope is 5 m long, how long will this take? 


(+) 0+ 0= m,zv,a — Mgvg 
0 = 2.5(10°) v4 — 1.25(10°) vg 
However, V4 = Vg + Vay 
(+) v4 = —vgt2 
Substituting Eq. (2) into (1) yields: 
vg = 1.33m/s 


v4 = 0.667 m/s 


Kinematics: 


( + ) S4/B = Va/pt 
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15-38. The 40-kg package is thrown with a speed of 4 m/s 
onto the cart having a mass of 20 kg. If it slides on the 
smooth surface and strikes the spring, determine the velocity 
of the cart at the instant the package fully compresses the 
spring. What is the maximum compression of the spring? 
Neglect rolling resistance of the cart. 


Conservation of Linear Momentum: By referring to the free-body diagram of the 
package and cart system shown in Fig. a, we notice the pair of impulsive forces F 
generated during the impact cancel each other since they are internal to the system. 
Thus, the resultant of the impulsive forces along the x axis is zero. As a result, the 
linear momentum of the system is conserved along the x axis. The cart does not 
move after the impact until the package strikes the spring. Thus, 


(+) mil(o) | + meds = u(y) # nl) 


40(4 cos 30°) + 0 = 40(»), +0 


(>), = 3.464 m/s > 


When the spring is fully compressed, the package momentarily stops sliding on the 
cart. At this instant, the package and the cart move with a common speed. 


(+) nfs)tmba= (om) 
40(3.464) + 0 = (40 + 20)v, 


v3 = 2.309 m/s = 2.31 m/s Ans, 


Conservation of Energy: We will consider the conservation of energy of the system. 
1 
The initial and final elastic potential energies of the spring are (V.)> 7 y ksy? = 


and (V.)3 = x kes? = 5 (6000) inn? = 3000S max: 


T, + V2.=734+ V3 


E m, (»,) - mv) t (Ve)o = 


E (40)(3.464?) 4 o| +QO= 5 (40 20)( 2.308") + 30005max2 


Smax = 0.1632 m = 163 mm 
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15-39. Two cars A and B have a mass of 2 Mg and 1.5 Mg, 
respectively. Determine the magnitudes of v, and vz if the 
cars collide and stick together while moving with a common 
speed of 50 km/h in the direction shown. 


Conservation of Linear Momentum: Since the pair of impulsice forces F 
generated during the impact are internal to the system of cars A and B, they 
cancel each other out. Thus, the resultant impulsive force along the x and y axes 
are zero. Consequently, the linear momentum of the system is conserved along 
the x and y axes. The common speed of the system just after the impact is 


z cg | eee a ee 
Vy soa ) = | ) 13.89 m/s. Thus, we can write 


(+) ma(va)x + |—ma(vn).| = (ma + mp)(Vv2)x 
2000v 4 cos 45° — 1500, = (2000 + 1500) (13.89 sin 30°) 


1414.21v4, — 1500v, = 24305.56 


(41) malva)y + malve)y = (ma + ma) 


2000v 4 sin 45° + 0 = (2000 + 1500)(13.89 cos 30°) 


v4 = 29.77 m/s = 29.8 m/s 


Substituting the result of v, into Eq. (1), 


vz = 11.86 m/s = 11.9 m/s 
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*15-40. A 4-kg projectile travels with a horizontal 
velocity of 600 m/s before it explodes and breaks into two 
fragments A and B of mass 1.5 kg and 2.5 kg, respectively. If 
the fragments travel along the parabolic trajectories shown, 
determine the magnitude of velocity of each fragment just 
after the explosion and the horizontal distance d, where 


segment A strikes the ground at C. 


Conservation of Linear Momentum: By referring to the free-body diagram of the 
projectile just after the explosion shown in Fig. a, we notice that the pair of 
impulsive forces F generated during the explosion cancel each other since they are 
internal to the system. Here, W, and W, are non-impulsive forces. Since the 
resultant impulsive force along the x and y axes is zero, the linear momentum of the 
system is conserved along these two axes. 


(+) mv, = ma(va)x + ma(ve)x 
4(600) = —1.5v, cos 45° + 2.5vz cos 30° 
2.165vz — 1.061v,4 = 2400 
(+1) mV y= ma(va)y 7 mp(vp)y 
0 = 1.5v, sin 45° — 2.5vz sin 30° 
Vp = 0.8485v, 
Solving Egs. (1) and (2) yields 
v4 = 3090.96 m/s = 3.09(10*) m/s 
vg = 2622.77 m/s = 2.62(10°) m/s 


By considering the x and y motion of segment A, 


(+1) sy = (So)y + (vo) yt 4 =a)? 


1 
—60 = 0 + 3090.96 sin 45° tac + 5 (—9.81)t 4c? 


4.905t 4c? — 2185.64t 4c — 60 = 0 


Solving for the positive root of this equation, 


tac = 445.62 s 


and 


(+) Cae 


d4 = 0 + 3090.96 cos 45°(445.62) 


= 973.96( 10") m = 974km 
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015-41. A 4-kg projectile travels with a horizontal 
velocity of 600 m/s before it explodes and breaks into two 
fragments A and B of mass 1.5 kg and 2.5 kg, respectively. If 
the fragments travel along the parabolic trajectories shown, 
determine the magnitude of velocity of each fragment just 
after the explosion and the horizontal distance dg where 


segment B strikes the ground at D. 


Conservation of Linear Momentum: By referring to the free-body diagram of the 
projectile just after the explosion shown in Fig. a, we notice that the pair of 
impulsive forces F generated during the explosion cancel each other since they are 
internal to the system. Here, W, and W, are non-impulsive forces. Since the 
resultant impulsive force along the x and y axes is zero, the linear momentum of the 
system is conserved along these two axes. 


(+) mvy = mal(va)x + me( Ve) x 
4(600) = —1.5v, cos 45° + 2.5vz cos 30° 
2.165vz — 1.061v4 = 2400 
(+1) MmVy = ma(va)y = me(va)y 
0 = 1.5v,sin 45° — 2.5vz sin 30° 
Vp = 0.8485v 4 
Solving Egs. (1) and (2) yields 
v4 = 3090.96 m/s = 3.09(10°) m/s 
Vp = 2622.77 m/s = 2.62(10°) m/s 


By considering the x and y motion of segment B, 


(+1) sy = (s0)y + (vo)yt 4 = a,P 


1 
—60 = 0 — 2622.77 sin 30° tgp + 5(-9:81)ta0” 


4.905tgn* + 1311.38tgn — 60 = 0 


Solving for the positive root of the above equation, 
tgp = 0.04574 s 
and 
(4) se= (sole + (vo)et 
dg = 0 + 2622.77 cos 30°(0.04574) 


= 103.91 m = 104m 
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15-42. The 75-kg boy leaps off cart A with a horizontal 
velocity of v'’ = 3m/s measured relative to the cart. 
Determine the velocity of cart A just after the jump. If he 
then lands on cart B with the same velocity that he left cart 
A, determine the velocity of cart B just after he lands on it. 
Carts A and B have the same mass of 50 kg and are 
originally at rest. 


Free-Body Diagram: The free-body diagram of the man and cart system when the 
man leaps off and lands on the cart are shown in Figs. a and 5, respectively. The pair 
of impulsive forces F, and F, generated during the leap and landing are internal to 
the system and thus cancel each other. 


Kinematics: Applying the relative velocity equation, the relation between the 
velocity of the man and cart A just after leaping can be determined. 


Vn = Va + Vin/A 


(+) a enn e a) 


Conservation of Linear Momentum: Since the resultant of the impulse forces along 
the x axis is zero, the linear momentum of the system is conserved along the x axis 
for both cases. When the man leaps off cart A, 


(+) Mn( Vmn)1 + malva)t = Mn Vm)2 + ma(va)2 


0 + 0 = 75(Vm)2 + 50(va)s 

(Vn )o = —0.6667(v4)> 
Solving Eqs. (1) and (2) yields 

(v4). = -1.80 m/s = 1.80 m/s > 

(Vm)2 = 1.20 m/s <— 
Using the result of (v,,)> and considering the man’s landing on cart B, 
(2) rman) + ave): = (10m + 1) 

75(1.20) + 0 = (75 + 50)v 


v = 0.720 m/s <— 
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15-43. Block A has a mass of 2 kg and slides into an open 
ended box B with a velocity of 2 m/s. If the box B has a 
mass of 3 kg and rests on top of a plate P that has a mass of 
3 kg, determine the distance the plate moves after it stops 
sliding on the floor. Also, how long is it after impact before 
all motion ceases? The coefficient of kinetic friction 
between the box and the plate is u, = 0.2, and between the 
plate and the floor ps’, = 0.4. Also, the coefficient of static 
friction between the plate and the floor is w, = 0.5. 


Equations of Equilibrium: From FBD(a). (2+2)9-81N 


+T2F,=0; Ng - (3+ 2)(981)=0 Nz =49.05N 


When box B slides on top of plate P, (F/)g = weNg = 0.2(49.05) = 9.81 N. From 
FBD(b). 


+TIF,=0; Np — 49.05 - 3(9.81)=0 Np =78.48N 
4S YF, =0; 9.81-(Fp)p=0 (F,)p = 9.81N 


Since (Fp)p < [Fp | max = py'Np = 0.5(78.48) = 39.24N, plate P does not move. 
Thus 


sp=0 Ans. 


Conservation of Linear Momentum: If we consider the block and the box as a system, 
then the impulsive force caused by the impact is internal to the system. Therefore, it 
will cancel out. As the result, linear momentum is conserved along the x axis. 

ma (v4)1 + Mp (VR) = (Ma + Mp) v2 


(+) 2(2) +0 = (2+ 3)» 
v) = 0.800 m/s > (342) 9.81 N 


V 
—_—_ 


Principle of Linear Impulse and Momentum: Applying Eq. 15-4, we have 


ty 
m(v,), + z | Fy, dt = m(v,)2 
ty 


(+) 5(0.8) + [-9.81(t)] = 5(0) 


t = 0.408 s 
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*15-44,. Block A has a mass of 2 kg and slides into an open 
ended box B with a velocity of 2 m/s. If the box B has a 
mass of 3 kg and rests on top of a plate P that has a mass of 
3 kg, determine the distance the plate moves after it stops 
sliding on the floor. Also, how long is it after impact before 
all motion ceases? The coefficient of kinetic friction 
between the box and the plate is uw, = 0.2, and between the 
plate and the floor uw; = 0.1. Also, the coefficient of static 
friction between the plate and the floor is w, = 0.12. 


Equations of Equilibrium: From FBD(a), Np=4409N 39281, 11 
+TEF,=0; Ng—(3+2)981)=0 Ng =49.05N (Fds=9G1N 


When box B slides on top of plate P. (Fy)g = wx Ng = 0.2(49.05) = 9.81 N. From 
FBD(b). 


+TIF,=0; Np — 49.05 - 3(9.81)=0 Np =78.48N 
45 YF, =0; 9.81 —(Fr)p=0 (Fs)p = 9.81 N 


Since (Fy)p > [(Fp)p|max = bs’ Np = 0.12(78.48) = 9.418N, plate P slides. Thus, 
(F,)p = px! Np = 0.1(78.48) = 7.848 N. 


Conservation of Linear Momentum: If we consider the block and the box as a 
system, then the impulsive force caused by the impact is internal to the system. 
Therefore, it will cancel out. As the result, linear momentum is conserved along 
X axis. 


ma (va), + mp (Ug) = (Ma + MR) v2 
(+) 2(2) + 0 = (2+ 3) 
v2 = 0.800 m/s > 
Principle of Linear Impulse and Momentum: In order for box B to stop sliding on 


plate P both box B and plate P must have same speed v3. Applying Eq. 15-4 to box 
B (FBD(c)], we have 


ty 
m(v,), + | Fy, dt = m(v,)2 
ty 


(4) 5(0.8) + [-9.81(t1)] = Sus 


Applying Eq. 15-4 to plate P[FBD(d)], we have 


ty 
m(v,), + xf F,dt = m(v,)2 
t 


(+) 3(0) + 9.81(t;) — 7.848(t,) = 33 
Solving Eqs. [1] and [2] yields 
; = 0.3058s v3 = 0.200 m/s 


Equation of Motion: From FBD(d), the acceleration of plate P when box B still 
slides on top of it is given by 


3 YFx=ma,; 9.81 — 7.848 = 3(ap); (ap), = 0.654 m/s” 
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*15-44, Continued 


When box B stop slid ling on top of box B, (F/)g = 0. From this instant onward 
plate P and box B act as a unit and slide together. From FBD(d), the acceleration of 
plate P and box B is given by 

4 Fx = ma,; — 7.848 = 8(ap)) — (ap)) = — 0.981 m/s” 


Kinematics: Plate P travels a distance s, before box B stop sliding. 


1 
(+) 5, = (vo)p ty + 2 (ap): 4 


1 
= 0 + 5 (0.654)(0.3058") = 0.03058 m 


The time ¢, for plate P to stop after box B stop slidding is given by 
=) vg = v3 + (ap)2 te 

0 = 0.200 + (—0.981)t, ty = 0.2039 s 
The distance s, traveled by plate P after box B stop sliding is given by 
aaa ug = v3 + 2(ap)2 52 

0 = 0.200? + 2(—0.981)s, S_ = 0.02039 m 
The total distance travel by plate P is 


Sp = 8; + 8) = 0.03058 + 0.02039 = 0.05097 m = 51.0mm 


The total time taken to cease all the motion is 


trot = t1 + tr = 0.3058 + 0.2039 = 0.510 s 
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015-45. The 20-kg block A is towed up the ramp of the 
40-kg cart using the motor M mounted on the side of the 
cart. If the motor winds in the cable with a constant velocity 
of 5m/s, measured relative to the cart, determine how far 
the cart will move when the block has traveled a distance 
s = 2m up the ramp. Both the block and cart are at rest 
whens = 0.The coefficient of kinetic friction between the 
block and the ramp is np, = 0.2. Neglect rolling resistance. 


Conservation of Linear Momentum: The linear momentum of the block and cart 
system is conserved along the x axis since no impulsive forces act along the x axis. 


(+) mal (va)x ht + mc(vc)1 = mal (vB)x|2 + mc(Vc)2 


0 + 0 = 20(vg)y + 40v¢ (1) 


Kinematics: Here, the velocity of the block relative to the cart is directed up the 
ramp with a magnitude of vgjc = 5 m/s. Applying the relative velocity equation and 
considering the motion of the block. 


Vp =Vort VBIC 
Guey 
(+) (vg)x = Vc + Scos 30° 
Solving Eqs. (1) and (2) yields 
vc = —1.443 m/s = 1.443 m/s<— (vg)x = 2.887 m/s 


The time required for the block to travel up the ramp a relative distance of 
Ss B/C = 2mis 


() Spc = (SBic)o + (Vajc)t 
2=0+5t 


t=04s 


Thus, the distance traveled by the cart during time ¢ is 


(+) Sc = Vct = 1.443(0.4) = 0.577 m<— 
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15-46. If the 150-lb man fires the 0.2-lb bullet with a 
horizontal muzzle velocity of 3000 ft/s, measured relative to 
the 600-lb cart, determine the velocity of the cart just after 
firing. What is the velocity of the cart when the bullet 
becomes embedded in the target? During the firing, the 
man remains at the same position on the cart. Neglect 
rolling resistance of the cart. 


Free-Body Diagram: The free-body diagram of the bullet, man, and cart just after 
firing and at the instant the bullet hits the target are shown in Figs., a and b, 
respectively. The pairs of impulsive forces F, and F, generated during the firing and 
impact are internal to the system and thus cancel each other. 


Kinematics: Applying the relative velocity equation, the relation between the 
velocity of the bullet and the cart just after firing can be determined 


(+) Vp = Ve + Vojc 


(vp). = (V-)2 + 3000 qd) 


Conservation of Linear Momentum: Since the pair of resultant impulsive forces F, 
and F, generated during the firing and impact is zero along the x axis, the linear 
momentum of the system for both cases are conserved along the. x axis. For the case 
when the bullet is fired, momentum is conserved along the x’ axis. 


(+) my(Vp)1 + Me(Ve)1 = my(Vp)2 + m(Ve)2 


oe (S35) | (SS Jeo 


(vp)2 = —3750(v<)2 
Solving Eqs. (1) and (2) yields 
(v,)o = —0.7998 ft/s = 0.800 ft/s — 


(vp)2 = 2999.20 ft/s > 


Using the results of (v,)2 and (v,) and considering the case when the bullet hits 
the target, 


(+) My(Vp)2 + M(Ve)o = (Mp + M.)v3 


: = + 600 + 0. 
92 (9999.20) 4 | = (A) (0.7998) 2 ( 150 + 600 + 0 2) 


32.2 32.2 32.2 


v3 = 0 Ans. 
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15-47. The free-rolling ramp has a weight of 120 lb. The 
crate whose weight is 80 Ib slides from rest at A, 15 ft down 
the ramp to B. Determine the ramp’s speed when the crate 
reaches B. Assume that the ramp is smooth, and neglect the 
mass of the wheels. 


T, + V, =7T,+ V2 


s0(3)as) = 5 (5) 


(5) > mv, = = mv, 


120. 80 
Ag Boa Be 


(vg), = 1.5v, 


0+0= 


Vp = Vr + Vpir 


(+) = (vz) = ur — = Upp 


(+1)(-vp), = 0 - Sup, 3) 


Eliminating (vg),,, from Eqs. (2) and (3) and substituting (vg), = 1.875 v,, results in 


vp = (ug); + (vg); = (1.5v,)* + (1.875u,)? = 5.7656; (4) 


Substituting Eq. (4) into (1) yields: 


3 1/ 80 i Ah 120. Vs 
eas — fp i + —| —— 
s0(2 a) (35 )(s.765002) (Ses 


v, = 8.93 ft/s 
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*15—48. The free-rolling ramp has a weight of 120 Ib. If the 
80-lb crate is released from rest at A, determine the distance 
the ramp moves when the crate slides 15 ft down the ramp 
to the bottom B. 


(4) Zmy, = mv 


120. 80 
= 302%" 32.9 ("as 


(vg)y = 1.5 v, 


VB = Vr + Ver 


—(vB)x = Ve — (VB) (2) 


—1.5y, = VR (Vayr)x (2) 


251, = (sine(4) 


Integrate 


2.5.5, = (Sains (2) 


251,< (as 


5s, = 4.8 ft 
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015-49. The 5-kg spring-loaded gun rests on the smooth 
surface. It fires a ball having a mass of 1 kg with a velocity of 
v' = 6 m/s relative to the gun in the direction shown. If the 
gun is originally at rest, determine the horizontal distance d 
the ball is from the initial position of the gun at the instant 
the ball strikes the ground at D. Neglect the size of the gun. 


mv, = Umv, 
0 = 1(vg)x — SVG 
(VB)x = SVG 
Ve = VG + VBIG 
5vg = —Vvg + 6cos 30° 
VG = 0.8660 m/s <— 
So that, 
(vg), = 4.330 m/s > 
(vg)y = 4.330tan 30° = 2.5 m/s f 


Time of flight for the ball: 


(+1) vV=vVo + at 


—2.5 = 2.5 — 9.81t 

t = 0.5097 s 
Distance ball travels: 

= Volt 
4.330(0.5097) = 2.207 m > 

Distance gun travels: 
(+) 5 = vot 

s’ = 0.8660(0.5097) = 0.4414 m <— 
Thus, 


d = 2.207 + 0.4414 = 2.65 m 
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15-50. The 5-kg spring-loaded gun rests on the smooth 
surface. It fires a ball having a mass of 1 kg with a velocity of 
v' = 6 m/s relative to the gun in the direction shown. If the 
gun is originally at rest, determine the distance the ball is 
from the initial position of the gun at the instant the ball 
reaches its highest elevation C. Neglect the size of the gun. 


=myv, = =Imv2 
0 = 1(vg)x — SVG 
(Vg)x = 5¥G 
VB = VG t+ VBjG 
5vGg = —Vvg + 6cos 30° 
Vg = 0.8660 m/s <— 
So that, 
(vg), = 4.330 m/s > 
(vg)y = 4.330tan 30° = 2.5 m/s f 
Time of flight for the ball: 
(+1) v= vo + at 
0 = 2.5 — 9.81t 


t = 0.2548 s 


Height of ball: 


(+1) v? = vi + 2a. (s — 89) 


0 = (2.5) — 2(9.81)(h — 0) 
h = 0.3186 m 
Distance ball travels: 
Vot 
4.330(0.2548) = 1.103 m > 


Distance gun travels: 
( +) yo Vot 
s’ = 0.8660(0.2548) = 0.2207 m <— 


1.103 + 0.2207 = 1.324m 


Distance from cannon to ball: 


(0.4587)? + (1.324)? = 1.36m 
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15-51. A man wearing ice skates throws an 8-kg block 
with an initial velocity of 2 m/s, measured relative to 
himself, in the direction shown. If he is originally at rest and 
completes the throw in 1.5 s while keeping his legs rigid, 
determine the horizontal velocity of the man just after 
releasing the block. What is the vertical reaction of both his 
skates on the ice during the throw? The man has a mass of 
70 kg. Neglect friction and the motion of his arms. 


(+) 0 = —my vy + Mp (v~)x 
However, vg = Vy + Vajm 

(+) (vg)y = —vy + 2 cos 30° 
(+1) (vg)y = 0 + 2sin 30° = 1 m/s 


Substituting Eq. (2) into (1) yields: 


0= My UM t me ( UM t 2 cos 30°) 


2mez cos 30° _—-2(8) cos 30° 
Uy = = = 0.178m/s 
mB Se my 8 + 70 


For the block: 


(+1) m(vy)) + x fr, dt = m(vy) 
0 + Fy (1.5) — 8(9.81)(1.5) = 8(2sin30°) Fy = 83.81 N 


For the man: 


(+1) m(vy), + oe dt = m(vy). 


0 + N(1.5) — 70(9.81)(1.5) — 83.81(1.5) = 0 


N=771N 
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*15-52. The block of mass m travels at v, in the direction 6, 
shown at the top of the smooth slope. Determine its speed v2 
and its direction 6, when it reaches the bottom. 


There are no impulses in the : direction: 
mv, sin 0; = MV sin 05 
T, + V, =T,+ V2 


1 1 
5 mvi mgh = > mv} + 0 


Vv. = Vvi + 2gh 
Vv; sin 0, 


Vvi + 2gh 


sin 0) = 


— so v, sin 0; 
2 
Vivi + 2gh 


015-53. The 20-lb cart B is supported on rollers of 10 ft/s 
negligible size. If a 10-lb suitcase A is thrown horizontally 
onto the cart at 10 ft/s when it is at rest, determine the 
length of time that A slides relative to B, and the final 
velocity of A and B. The coefficient of kinetic friction 
between A and B is p,; = 0.4. 


System 


(+) Dm, Vv, = Um) V2 


(S35) se Sy 


v = 3.33 ft/s 


For A: 


my +3 [Pdr my; h=0-4.N b 
=0-4(/0)=4.| 
ihe (S)es N=/0 Ib 


t = 0.5176 = 0.518 s 
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15-54. The 20-lb cart B is supported on rollers of 10 ft/s 
negligible size. If a 10-lb suitcase A is thrown horizontally 
onto the cart at 10 ft/s when it is at rest, determine the time 
t and the distance B moves at the instant A stops relative to 
B. The coefficient of kinetic friction between A and B is 
UE = 0.4. 


System: 


(+) =m, v1, = XM v2 


Gao nis CS) 


v = 3.33 ft/s 


For A: 


my +3 [Rdt= my; 


coaches 
=0:40/0 =4./ 
(s5)o0 av = (335) N=/0 lb 


t = 0.5176 = 0.518 s 


For B: 
= Vo + act 
0 + a, (0.5176) 


6.440 ft/s” 


1 2 
= So oe Volt F 3 et 


1 
OF Os 5 (6.440)(0.5176)? = 0.863 ft 
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15-55. A 1-lb ball A is traveling horizontally at 20 ft/s 
when it strikes a 10-lb block B that is at rest. If the 
coefficient of restitution between A and B is e = 0.6, and 
the coefficient of kinetic friction between the plane and the 
block is uw, = 0.4, determine the time for the block B to 
stop sliding. 


(+) =m, v1, = XM V2 


(x22) eas (sa) | (so) 


(va)2 + 10(vg)2 = 20 
(+) —— (va)2 — (Va)o 
(v4)1 — (va) : 
_ Wa) — Wade f-O-4N 
20:0 =0-400)=4¢-/b 


(va)2 — (Va)2 = 12 


0.6 


Thus, 
(Vg)o = 2.909 ft/s = 


(v4)2 = —9.091 ft/s = 9.091 ft/s — 


Block B: 


(+) my +3 [Rdt= mys 


Gak 909) — 4¢ = 0 
32.2) a 


t = 0.226s 
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*15-56. A 1-lb ball A is traveling horizontally at 20 ft/s 
when it strikes a 10-lb block B that is at rest. If the 
coefficient of restitution between A and B is e = 0.6, and 
the coefficient of kinetic friction between the plane and the 
block is uw, = 0.4, determine the distance block B slides on 
the plane before it stops sliding. 


(+) =m, v1, = XM V2 


(x23) a (saa) | (sa) 


(va)2 + 10(vg)2 = 20 
(+) yc (vB)2 — (Va)a 
(va) — (Va) : 
ng - B= War f-O-4N 
20 — 0 =0-400) =F Ib 


(va)2 — (Va)2 = 12 


Thus, 

(Vg)2 = 2.909 ft/s > 

(v4)2 = —9.091 ft/s = 9.091 ft/s <— 
Block B: 


T, ae DU 4-2 = T> 


3) 2.900) — 4d =0 
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015-57. The three balls each have a mass m. If A has a 
speed v just before a direct collision with B, determine the 
speed of C after collision. The coefficient of restitution 
between each ball is e. Neglect the size of each ball. 


Conservation of Momentum: When ball A strikes ball B, we have 
ma (va)1 + mp (vg)1 = Ma (Va)2 + Me (v~B)2 

(+) mv + 0 = m(va)o + mvp) 

Coefficient of Restitution: 


_ (vg)2 (va)2 
(va)i a (vg) 


(4) 2 Coe — Wah 


Solving Eqs. [1] and [2] yields 


v(1 —e vii+e 
(v4). = ca (vg)2 = we 


Conservation of Momentum: When ball B strikes ball C, we have 


mg (vg). + Mc (Uc), = Mp (Vg)3 + Mc (Ue)2 


(+) m| 9) +0 = mevp)s + moc 


2 


Coefficient of Restitution: 


2 (vc)2 = (vg)3 

(vg)2 a (uc) 

we (vc)2 = (vg)s 
v(1 + e) 

aa, cae 


Solving Eqs. [3] and [4] yields 


— v(t + ey 
(vc)2 = are take 


_ vl - e’) 
(vg)3 = a sae 
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15-58. The 15-lb suitcase A is released from rest at C. 
After it slides down the smooth ramp, it strikes the 10-Ib 
suitcase B, which is originally at rest. If the coefficient of 
restitution between the suitcases is e = 0.3 and the 
coefficient of kinetic friction between the floor DE and 
each suitcase is u, = 0.4, determine (a) the velocity of A 
just before impact, (b) the velocities of A and B just after 
impact, and (c) the distance B slides before coming to rest. 


Conservation of Energy: The datum is set at lowest point E. When the suitcase A is 
at point C it is 6 ft above the datum. Its gravitational potential energy is 
15(6) = 90.0 ft - lb. Applying Eq. 14-21, we have 


T, +V,=T,+ V2 


. Lets ra 
0 + 90.0 +(25 Jeoat 


(v4) = 19.66 ft/s = 19.7 ft/s 
Conservation of Momentum: 


ma (va) + Mp (vg), = mM, (va)2 + me (vB)2 


(+) (5 )ar.06) 1 0= (Stews | (35 eons 


Coefficient of Restitution: 


x (vg)2 — (Va)2 


(v4)i — (ah 


_ (vg)2 — (Va)2 
i?) DS 19.66 — 0 


Solving Eggs. [1] and [2] yields 
(v4)2 = 9.435 ft/s = 9.44 ft/s — Ans, 
(vg)2 = 15.33 ft/s = 15.3 ft/s <— Ans. 
Principle of Work and Energy: Ng = 10.0lb. Thus, the friction Fr = px 


Nz = 0.4(10.0) = 4.00 Ib. The friction Fy which acts in the opposite direction to 
that of displacement does negative work. Applying Eq. 14-7, we have 


T, + Dd U2 = T2 


1 10 2 
A ome 7 Cay = 


Sp = 9.13 ft 
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15-59. The 2-kg ball is thrown at the suspended 20-kg 
block with a velocity of 4 m/s. If the coefficient of restitution 
between the ball and the block is e = 0.8, determine the 
maximum height h to which the block will swing before it 
momentarily stops. 


System: 
Sm, vy, = Sm vy 
(2)(4) + 0 = (2)(va)2 + (20)(va)2 
(va)o + 10(vg)2 = 4 


= (vp)2 ~ Va)2 


me, (va)i — (VB) 


_ (vp)2 — (Va)2 
— 4-0 


0.8 


(vg)2 — (Va)2 = 3.2 
Solving: 
(v4)2 = —2.545 m/s 
(vg)2 = 0.6545 m/s 
Block: 


Datum at lowest point. 


T,; + V,=72+ V2 


5 (20)(0.6545)? + 0 = 0 + 20(981)h 


h = 0.0218 m = 21.8 mm 
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*15-60. The 2-kg ball is thrown at the suspended 20-kg 
block with a velocity of 4 m/s. If the time of impact between 
the ball and the block is 0.005 s, determine the average normal 
force exerted on the block during this time. Take e = 0.8. 


System: 
Sm, vy = Sm v2 
(2)(4) + 0 = (2)(va)2 + (20)(vB)2 
(Va)2 + 10(vg)2 = 4 


= (vp)2 ~ Vado 


- (v4)1 — (Va) 


og = (a+ We 20098N| __% 


(Vg)2 — (Va)2 = 3.2 


Solving: 
(v4)2 = —2.545 m/s 


(vg)2 = 0.6545 m/s 


Block: 


(+) my, +3 [Far = my, 


0 + F(0.005) = 20(0.6545) 


F = 2618N = 2.62 kN 
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e15-61. The slider block B is confined to move within the 
smooth slot. It is connected to two springs, each of which 
has a stiffness of k = 30 N/m. They are originally stretched 
0.5 m when s = 0 as shown. Determine the maximum 
distance, S,,x, block B moves after it is hit by block A which 
is originally traveling at (v4); = 8m/s. Take e = 0.4 and 
the mass of each block to be 1.5 kg. 


( <s ) Imv, = UMv, 
(1.5)(8) + 0 = .5)(v4)2 + (1.5)(VB)2 


@ nee: 


= (Vg)2 — (Va)2 
= eye 


k =30N/m 


Solving: 
(v4)o = 2.40 m/s 
(Vg)2 = 5.60 m/s 


T, +V,+7T,+ V2 


5 (1.5)(5.60) + a> 000.5") =e 25 (3)(V hax + 2 - 13)'| 


Smax = 153m 
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15-62. In Prob. 15-61 determine the average net force 
between blocks A and B during impact if the impact occurs 
in 0.005 s. 


( 4 ) Imvyy = mv 
(1.5)(8) + 0 = (1.5)(va)2 + (1.5)(va)2 


OP Sow 


= (va)2 — (Va)e 
~ 8-0 


0.4 


Solving: 
(v4)2 = 2.40 m/s 
(Vg)o = 5.60 m/s 


Choosing block A: 


) my, + 3 [Fat = mv, 


(1.5)(8) — Fayg (0.005) = 1.5(2.40) 


Fiyy = 1.68 kN 


avg 


Block A 


Choosing block B: 


ie rei V /-5CG-.B1)N 
(+) s fra 


0 + Faye (0.005) = 1.5(5.60) 


Fava = 1.68 kN F F,, 
” 
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15-63. The pile P has a mass of 800 kg and is being driven 
into loose sand using the 300-kg hammer C which is 
dropped a distance of 0.5 m from the top of the pile. 
Determine the initial speed of the pile just after it is struck 
by the hammer. The coefficient of restitution between the 
hammer and the pile is e = 0.1. Neglect the impulses due to 
the weights of the pile and hammer and the impulse due to 
the sand during the impact. 


Se sq ogg qoguguage eg 


The force of the sand on the pile can be considered nonimpulsive, along with the 
weights of each colliding body. Hence, 


Counter weight: Datum at lowest point. 


T, + V,=7T,+ V2 


0 + 300(9.81)(0.5) = 5 (300)(v) +0 


v = 3.1321 m/s 
System: 
(+1) =Imvy = UMv, 
300(3.1321) + 0 = 300(vc)2 + 800(vp)2 


(ve)2 + 2.667(vp)> = 3.1321 


A (vp)2 — (Ve)2 
Ca) acd (Veh — We) 


= (vp)2 — (Ve)2 
3.1321 — 0 


0.1 
(vp)2 _ (Vc)2 = 0.31321 
Solving: 


(Vvp)o = 0.940 m/s 


(Vc)2 = 0.626 m/s 
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*15-64. The pile P has a mass of 800 kg and is being driven 
into loose sand using the 300-kg hammer C which is dropped 
a distance of 0.5 m from the top of the pile. Determine the 
distance the pile is driven into the sand after one blow if the 
sand offers a frictional resistance against the pile of 18 KN. 
The coefficient of restitution between the hammer and the 
pile is e = 0.1. Neglect the impulses due to the weights of 
the pile and hammer and the impulse due to the sand during 
the impact. 


Se | 


The force of the sand on the pile can be considered nonimpulsive, along with the 
weights of each colliding body. Hence, 


Counter weight: Datum at lowest point, 


T, +V,=7T,+ V2 


0 + 300(9.81)(0.5) = 5 (300)(v) +0 


v = 3.1321 m/s 
System: 
(+1) Imvy, = UmMv2 
300(3.1321) + 0 = 300(vc)2 + 800(vp), 
(Ve)2 + 2.667(vp)2 = 3.1321 


_ (vp)2 — (Ve)2 
Ge a (Vc) — We) 


_ (vp)2 — (Ve)2 
3.1321 — 0 


0.1 
(vp)2 — (Vc)2 = 0.31321 
Solving: 
(vp)2 = 0.9396 m/s 
(vc)2 = 0.6264 m/s 
Pile: 


T> ca x U73 a T3 


1 
5 (800)(0.9396)° + 800(9.81)d — 18 000d = 0 


d = 0.0348 m = 34.8 mm 
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¢15-65. The girl throws the ball with a horizontal velocity 
of v, = 8 ft/s. If the coefficient of restitution between the 
ball and the ground is e = 0.8, determine (a) the velocity of 
the ball just after it rebounds from the ground and (b) the 
maximum height to which the ball rises after the first 
bounce. 


Kinematics: By considering the vertical motion of the falling ball, we have 


(+1) (v4)2 = (up)? + 2a[s, — (50)y| 


(v1); = 0? + 2(32.2)(3 — 0) 


(v1), = 13.90 ft/s 


Coefficient of Restitution (y): 
_ (v)2 — (v2)y 
(v4), ~ (ve); 


_ 0— (v2)y 
~ —13.90 — 0 


e 


(+1) 0.8 


(v2), = 11.12 ft/s 
Conservation of “x”? Momentum: The momentum is conserved along the x axis. 
( 4) m(vy)1 ae M(vx)2 } (vx)2 =8 ft/s > 


The magnitude and the direction of the rebounding velocity for the ball is 


vy = V(vx)3 + (v,)}} = V8? + 11.12? = 13.7 ft/s Ans. 


11.12 
G= tani( #222) = 54.3° Ans. 


Kinematics: By considering the vertical motion of tfie ball after it rebounds from 
the ground, we have 


(+1) @)} = (ey) + 2ac[sy — (80)y] 
0 = 11.12? + 2(—32.2)(h — 0) 


h = 1.92 ft 
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15-66. During an impact test, the 2000-lb weight is 
released from rest when @ = 60°. It swings downwards and 
strikes the concrete blocks, rebounds and swings back up to 
6 = 15° before it momentarily stops. Determine the 
coefficient of restitution between the weight and the blocks. 
Also, find the impulse transferred between the weight and 
blocks during impact. Assume that the blocks do not move 
after impact. 


Conservation of Energy: First, consider the weight’s fall from position A to position 
B as shown in Fig. a, 


Ta+V,=Tgp+VeB 


smava? + (Vila = sive)? + (Vee 


1/2000 
0 + [-2000(20 sin 30°)] = 


5 a yah? + [-2000(20)] 


(vg) = 25.38 ft/s —?, 


Subsequently, we will consider the weight rebounds from position B to position C. 


Tg +Vgeg=Tcet+Ve 


Sm(vp)? (Ve)e = 


1 ( 2000 


2\ 32.2 


5 Jew? + [-2000(20)] = 0 + [-2000(20 sin 75°)] 


(Va) = 6.625 ft/s <—_— 


: Pes ot 2000 , 
Coefficient of Restitution: Since the concrete blocks do not move, the coefficient of 477 (2536) Sly Hs 2000 


restitution can be written as 32:2 (6-625) sing LY, 


(vg). (—6.625) (6) 
(5) e a ea. Ans. 


Principle of Impulse and Momentum: By referring to the Impulse and momentum 
diagrams shown in Fig. b, 


(+) m(V4), + 7 F dt = M(V2)y 


2000 2000 


[ra = 1987.70 Ib-s = 1.99 kip:s 
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15-67. The 100-lb crate A is released from rest onto the 
smooth ramp. After it slides down the ramp it strikes the 
200-lb crate B that rests against the spring of stiffness 
k = 600 lb/ft. If the coefficient of restitution between the 
crates is e = 0.5, determine their velocities just after 
impact. Also, what is the spring’s maximum compression? 
The spring is originally unstretched. 


k = 600 lb/ft 
B 


Conservation of Energy: By considering crate A’s fall from position (1) to position 
(2) as shown in Fig. a, 


(Ta) + Va) = 


(Ta)o + Va)2 


Lee + (Ve) = xmalvadn? + (V.)2 


2 


100 


1 
0 + 100(12) = (= 


Jon? + 0 
(v4)o = 27.80 ft/s 


Conservation of Linear Momentum: The linear momentum of the system is 
conserved along the x axis (line of impact). By referring to Fig. b, 


(+) 


ma(Va)2 + mg(Vg)2 = Ma(Va)3 + Ma(Va)s 


(222) +0= (335s (soem 


100(v.4)3 + 200(vg)3 = 2779.93 


() 
Coefficient of Restitution: 


sp ) _ (va)3 = (Ya)s 
(va)2 — (Va)2 


= (vga)3 — (Va)3 


0.5 
27.80 — 0 


(vg)3 — (Va)3 = 13.90 
Solving Eqs. (1) and (2), yields 
Ans, 


(vg)3 = 13.90 ft/s = 13.9 ft/s<— (va)3 = 0 


Conservation of Energy: The maximum compression of the spring occurs when 
crate B momentarily stops. By considering the conservation of energy of crate B, 


(Tz)3 + (Va)3 = (Ta)4 + Vado 


1 1 
5p(Va)a ; + ak Smax” 


1 
= Mp(Vp)3~ + 3 ks = 5 


2 


1/ 200 
AZ a 90°) +0=0+ 5 (600)siax” 


= 1.41 ft 


Smax 


409 


(hake 


Datum 


ty-0 Lazz7e0t. ey), Ws 


ISS_ SS. 


Just before jmpact 
6) 


Just affer impact 
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*15-68. A ball has a mass m and is dropped onto a surface 
from a height h. If the coefficient of restitution is e between 
the ball and the surface, determine the time needed for the 
ball to stop bouncing. 


Just before impact: 


T,+V,=T,+ V2 


1 
0 + mgh = mv’ + 0 


Time to fall: 


(+1) t at 


+ Bly 


= 0+ gt, 


{2h 
ty — a 
& 


After impact: 


vz = eV2gh 
Height after first bounce: Datum at lowest point 


T,+V,=T73+ V3 


snleV 2h). +0=0+4 mgh, 


Time to rise to h,: 
(+1) V=vo + at 
v3 = V2 — Blo 


eV 2gh — gt 


b=e 
& 
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*15-68. Continued 


Total time for first bounce 


2h 2h 2h 
tip = ty t to — Fl t a = / ad t e) 
&§ &§ &§ 


For the second bounce. 


= te) = =. e)e 
2b g \/ g 


For the third bounce. 


hy = @ hy = & (eh) =eth 


2h; 2h 
ta, = 1+e)=./—( + ee’ 
3b . ) Ve! ) 


Thus the total time for an infinite number of bounces: 


2h 
tor =4f—Ate(l1tet+e+et+... 
B 


2hf(1t+e 
liot = 4] — = 
g e 
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¢15-69. To test the manufactured properties of 2-lb steel 
balls, each ball is released from rest as shown and strikes the 
45° smooth inclined surface. If the coefficient of restitution 
is to be e = 0.8, determine the distance s to where the ball 
strikes the horizontal plane at A. At what speed does the 
ball strike point A? 


Just before impact Datum at lowest point 


T, + V, =7T,+ V2 


0+ 2G) = 5 (455 )omt +0 


(vg), = 13.900 ft/s 


At B: 


(+N) =M(Vg)e1 = =M(Vg) x2 


2 tees 2 : 
(<$5)a3.900) sin 45° = (s5)oros sin 6 
(vg)2 sin 8 = 9.829 ft/s 
= (Va)y2 — 0 

0 — (Va) yt 


= (vg)2 cos 6 — 0 
0 — (—13.900) cos 45° 


(+7) e 


0.8 


(vg)2 cos 6 = 7.863 ft/s 
Solving Egs. (1) and (2): 
(vp)2 = 12.587 ft/s 9 = 51.34° 


od = 51.34° — 45° = 6.34° 


25/34 
ena ),= 12-567 fY/s 
x 


(+1) v = vo + 2a. (s — 50) 
2 : 2 
(v4,) = [12.587 sin 6.34°] + 2(32.2)(2 — 0) 
v4, = 11.434 ft/s 
(+1) v=vo+t+ at 
11.434 = 12.587 sin 6.34° + 32.2r 
t = 0.3119 s 
(+) Vay = 12.587 cos 6.34° = 12.510 ft/s 


S; = Vet 


+ = (12.51)(0.3119 
tan 45° ( ( ) 


s = 1.90 ft 


va = V(12.510)? + (11.434)? = 16.9 ft/s 
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15-70. Two identical balls A and B of mass m are 
suspended from cords of length L/2 and L, respectively. 
Ball A is released from rest when ¢ = 90° and swings down 
to ¢ = 0°, where it strikes B. Determine the speed of each 
ball just after impact and the maximum angle 6 through 
which B will swing. The coefficient of restitution between 
the balls is e. 


Conservation of Energy: First, we will consider bob A’s swing from position (1) to 
position (2) as shown in Fig. a, 


(Tah + Wah = (Ta)2 + Va)2 


smalval? + (Vet = smalva)n? + (V.)2 


L 1 
0+ me( = zinvar® +0 


(v4)2 = Vel 


Conservation of Linear Momentum: The linear momentum of the system is 
conserved along the x axis (line of impact). By referring to Fig. b, 


(+) ma(Va)2 + Mp(Vg)2 = Ma(Va)3 + Me(V~)s3 
mV/gL + 0 = m(va)3 + m(vp)s 
(va)3 + (va)3 = Veh 

Coefficient of Restitution: Applying Eq. 15-11 we have 


(4) = (va)3 — (Va)s 


7 (va)2 — (a)2 


es (vg)3 + (Va)s 
Vel —0 
(vg)3 — (Va)3 = eV BL = 
— —>— 
Solving Eqs. (1) and (2), yields (4), (%),=0 Wad; We), 


(Va)3 = (+) Vel . Just before, Impact Just aprer impact 


(vg)3 = ¢ ; “Val 


Conservation of Energy: We will now consider the swing of B from position (3) to 
position (4) as shown in Fig. c. Using the result of (vg)3, 


(Tz)3 + (Va)3 = (Ta)4 + (Veda 


sal a)s? a (V.)3 = smal va)e? a (Ve)a 


: ; ) Vet] +0=0+ mg|L(1 — cos 6) | 


d= cos — oe " ~ 
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15-71. The 5-Mg truck and 2-Mg car are traveling with the 30 km/h 
free-rolling velocities shown just before they collide. After ==. 
the collision, the car moves with a velocity of 15km/h to the 
right relative to the truck. Determine the coefficient of 
restitution between the truck and car and the loss of energy 
due to the collision. 


10 km/h 


Conservation of Linear Momentum: The linear momentum of the system is 
conserved along the x axis (line of impact). 


th 
3600 s 


The initial speeds of the truck and car are (v,), = 30(10 ) =a 


) = 8.333 m/s 


and (v,)1 = 10(10) =\(24.) = 2.778 m/s. 


By referring to Fig. a, 


(4) (vas + mvc) = (via + mre 
5000(8.333) + 2000(2.778) = 5000(v,)> + 2000(v.)> 


5(v;)2 + 2(v¢)2 = 47.22 (1) 


- (A) 
Coefficient of Restitution: Here, (v,,) = 15(10" a(t) = 4.167m/s >. 


Applying the relative velocity equation, 
(Vo)2 = (v,)2 att (Veit)2 
(5) Woo = (We + 4.167 


(Ve)o — (Vio = 4.167 (2) 


Applying the coefficient of restitution equation, 
(+) ,= (V.)2 — (Wa 
(v1 ~ (V1 


= (vVe)2 — (V2 


© 8.333 — 2.778 @) 
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15-71. Continued 


Substituting Eq. (2) into Eq. (3), 


4.167 
o = '§ 333 — 0778 


= 0.75 


Solving Eqs. (1) and (2) yields 
(v,2 = 5.556 m/s 


(v.)2 = 9.722 m/s 


Kinetic Energy: The kinetic energy of the system just before and just after the 
collision are 


1 1 
Ti = zm + Zz me(Ve)r® 


1 1 
3 (5000)(8.333°) + 3 (2000)(2.778°) 
181.33(10°) J 


1 1 
2 m,(v,)27 at 2 mM(V_)2” 


5 (5000)(5.556?) + 5 (2000)(9.722°) 


171.68(10°)J 


AE = T, — Ty = 181.33(10°) — 171.68(10°) 
= 9.645(10°) J 


= 9.65kJ 
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*15-72. A 10-kg block A is released from rest 2 m above 
the 5-kg plate P, which can slide freely along the smooth 
vertical guides BC and DE. Determine the velocity of the 
block and plate just after impact. The coefficient of 
restitution between the block and the plate is e = 0.75. 
Also, find the maximum compression of the spring due to 
impact. The spring has an unstretched length of 600 mm. 


Conservation of Energy: By considering block A’s fall from position (1) to position 
(2) as shown in Fig. a, |_ —k = 1500 N/m 


E 
(Ta) + Vah = (Tah + Vado 


1 
5 malva)i? + (Vet = zmalva)a” + (Vz) 


0 + 10(9.81)(2) = 5 (10)(v4)>? +0 


(va)2 = 6.264 m/s 


Conservation of Linear Momentum: Since the weight of block A and plate P and 
the force developed in the spring are nonimpulsive, the linear momentum of the 
system is conserved along the line of impact (y axis). By referring to Fig. b, 


(+1) ma(Va)2 + mp(vp)2 = Ma(va)3 + Mp(Vp)2 
10(6.262) + 0 = 10(v,)3 + S5(vp)o 
(vp). +B 2(v4)3 = 12.528 

Coefficient of Restitution: Applying Eq. 15-11 we have 


(+1) _ (vp)3 — (Va)s 


7 (va)2 — (p)2 


(vp)3 — (Va)s 
6.264 — 0 


(vp)3 — (Va)3 = 4.698 


0.75 = 


Solving Egs. (1) and (2) yields 

(va)3 = 2.610 m/s (vp)3 = 7.308 m/s 
Conservation of Energy: The maximum compression of the spring occurs when 
plate P momentarily stops. If we consider the plate’s fall fromposition (3) to position 


(4) as shown in Fig. c, 


(Tp)3 + (Vp)3 = (Tp)4 + Ve)4 


5 moves? a (Ve) + (ay = 5 mou)? + (ve)e + (ay 


3(5)(7.308") + 50081) nu + 3(1500)(0.6 - 0.45) | 


0+ lo € $(1500)[ sna + (06 - 045) | 


75087 max + 175.95Smax — 133.25 = 0 


Smax = 0.3202 m = 320mm 
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| 


Lies 
Just before impact Just after Impact 


(6) 
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e15-73. A row of n similar spheres, each of mass m, are 
placed next to each other as shown. If sphere 1 has a 
velocity of v;, determine the velocity of the nth sphere just 
after being struck by the adjacent (n — 1)th sphere. The 
coefficient of restitution between the spheres is e. 


When sphere (1) strikes sphere (2), the linear momentum of the system is conserved 
along the x axis (line of impact). By referring to Fig. a, 


(+) my, + 0 = mv, + mv 
yptu= vy 


Vy 


e= 
vy, — 0 
vo — Vy = evy 


Eliminating v; from Eqs. (1) and (2), we obtain 


: 1lt+e 
vo = 5) Vy 


Subsequently, sphere (2) strikes sphere (3). By referring to Fig. b and using the 
result of v4, 


(+) m(AZ2)n + 0= mv 


: QC) ol 
vet Vv3= ¢ <n, Sag aa 


: Just ‘before impact §=Just ‘Gasuphein bia 
Applying Eq. 15-11 we have ( 4 ) 


-Vy= eh, 


Eliminating v3 from Eqs. (3) and (4), we obtain 


(7 + “) 

V3 = v 

3 5) 1 

If we continue to use the above procedures to analyse the impact between spheres 
(3) and (4), the speed of sphere (4) after the impact. 


: 1+e\3 
V4 = 2 V1 


Thus, when sphere (n — 1) strikes sphere n, the speed of sphere n just after impact is 


1Tt+e\"! 
Vv, = 7 *) Vv} Ans. 
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15-74. The three balls each have a mass of m. If A is released 
from rest at 6, determine the angle ¢ to which C rises after 
collision. The coefficient of restitution between each ball is e. 


Conservation of Energy: The datum is set at the initial position of ball B. When ball 
A is [(1—cos@) above the datum its gravitational potential energy is 
mg{[l(l — cos 6)]. Applying Eq. 14-21, we have 


T, Te Vi = T> ae V> 
1 2 
0 + mg[l(1 — cos 6)] = 3 mua) +0 


(va) = V2gI(1 — cos 0) 
Conservation of Momentum: When ball A strikes ball B, we have 
ma (va), + mg (vg) = Ma (V4)2 + Mp (UB)2 
mV 2gl(1 — cos @) + 0 = m(vy,)2 + m(v~g)2 
Coefficient of Restitution: 


Ke (vg). — (va)2 
(va) — (va) 


(4) = (vg)2 — Wa) 
V2gl(1 — cos 6) — 0 


Solving Eggs. [1] and [2] yields 


(1 — e)V 2gl(1 — cos 0) 
2 


(va)2 = 


(1 + e)V2gl(1 — cos 0) 
(vg)2 = 2 


Conservation of Momentum: When ball B strikes ball C, we have 


mg (vg)2 + Mc (vc), = Mg (vg)3 + Mc (vC)2 


(1 + e)V2gl(1 — cos | 
2 


+ 0 = m(vg)3 + m(vc)2 


() mf 


Coefficient of Restitution: 


we (vc)2 — (vg)3 
(vg)2 — (Uc) 


(+4) ighs (vc)2 — (vp)s 
(1 + e)V 2gl(1 — cos 0) 
2 


Solving Eggs. [3] and [4] yields 


te 2 
(uc)) = C+ Veil — cos 8) 


(b=2) 


(vp)3 = V2! — cos 0) 
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15-74. Continued 


Conservation of Energy: The datum is set at the initial position of ball C. When ball 
C is l(1—cosd¢) above the datum its gravitational potential energy is 
mg{[l(1 — cos $)]. Applying Eq. 14-21, we have 


T, + V,=7T3+ V3 


1+ey z 
m ——V28i(1 — cos 0, = 0 + mgi(1 — cos d) 


JO 


16 (1 — cos 0, 


15-75. The cue ball A is given an initial velocity 
(v4), = 5m/s. If it makes a direct collision with ball B 
(e = 0.8), determine the velocity of B and the angle 6 just (v4) = 5 m/s 
after it rebounds from the cushion at C (e’ = 0.6). Each ball 
has a mass of 0.4 kg. Neglect the size of each ball. Ly 


se 
Conservation of Momentum: When ball A strikes ball B, we have = 30° 


ma (va), + Mp (vg), = my (va)2 + Me (vg)2 


(+ ) 0.4(5) + 0 = 0.4(v,4)2 + 0.4(v~g)2 


Coefficient of Restitution: 


= (vg)2 — (Va)2 


~ (va) — (va) 


_ (vg)2 — (va)2 
i) 08= Sy 


Solving Eqs. [1] and [2] yields 
(v,)2 = 0.500 m/s (vg)2 = 4.50 m/s 
Conservation of “y’? Momentum: When ball B strikes the cushion at C, we have 
mpg (up,)2 = mB (vz,)s 
(+1) 0.4(4.50 sin 30°) = 0.4(vg); sin 0 
(vg)3 sin @ = 2.25 

Coefficient of Restitution (x): 

(vc)2 - (uz,)3 

ap ered ace SNE 
(up,)2 — (vc) 


0- [-(ws)s cos a] 
4.50 cos 30° — 0 


0.6 = 


Solving Eqs. [1] and [2] yields 


(vg)3 = 3.24m/s —@ = 43,9° 


420 


91962_04_s15_p0355-0478 6/8/09 12:34 PM Page 421 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


L 
i] 


*15-76. The girl throws the 0.5-kg ball toward the wall 
with an initial velocity v4, = 10m/s. Determine (a) the 
velocity at which it strikes the wall at B, (b) the velocity at 
which it rebounds from the wall if the coefficient of 


restitution e = 0.5, and (c) the distance s from the wall to 7 =10m/s & 


HARARE 
LA 
aL 


where it strikes the ground at C. AZ 
30° 
1.5m 


| 


ra 


Kinematics: By considering the horizontal motion of the ball before the impact, 
we have 


(+) Sy = (So)x + vy 
3 = 0 + 10 cos 30° t = 0.3464 s 
By considering the vertical motion of the ball before the impact, we have 


(+7) Uyt (vo), + (¢)y t 


= 10 sin 30° + (—9.81)(0.3464) 


(V,),-8-807 m/s 


= 1.602 m/s 


The vertical position of point B above the ground is given by 


(+1) 5) = (Say + Oo)yt #5 lady? 


i 
(sg)y = 1.5 + 10 sin 30°(0.3464) + 5 (-9.81)( 0.3464") = 2.643 m 


Thus, the magnitude of the velocity and its directional angle are 


(vp). = V(10 cos 30°)? + 1.602? = 8.807 m/s = 8.81 m/s Ans. 


1.602 


6 = tan! 
an "10 cos 30 


= = 10.48° = 10.5° Ans. 


Conservation of “y” Momentum: When the ball strikes the wall with a speed of 
(vp); = 8.807 m/s, it rebounds with a speed of (vp)>. 


my (vp,)1 = Mo (vp,)a 
(+) my (1.602) = my | (vp)2 sin | 
(vp)2 sin d = 1.602 


Coefficient of Restitution (x): 
~ (Uyp)o ~ (us,)> 
(u,.)1 — (Uy) 


_O- [-(s)s cos | 
10 cos 30° — 0 


e 


(+) 0.5 
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*15-76. Continued 


Solving Eqs. [1] and [2] yields 
ob = 20.30° = 20.3° (vp). = 4.617 m/s = 4.62 m/s Ans. 


Kinematics: By considering the vertical motion of the ball after the impact, we have 


(1) 8) = Gy + yt #5 (@y? 


1 
—2.643 = 0 + 4.617 sin 20.30°r, + 5(-9.81)tf 


t, = 0.9153 s 
By considering the horizontal motion of the ball after the impact, we have 
(4) Sy = (So)x + vet 


s = 0 + 4.617 cos 20.30°(0.9153) = 3.96 m 


015-77. A 300-g ball is kicked with a velocity of 


v4 = 25 m/s 
v4 = 25m/s at point A as shown. If the coefficient of v's 
restitution between the ball and the field is e = 0.4, 0 30° 
determine the magnitude and direction 6 of the velocity of the B A 
rebounding ball at B. 


Kinematics: The parabolic trajectory of the football is shown in Fig. a. Due to the 
symmetrical properties of the trajectory, vg = v4 = 25 m/s and ¢ = 30°. 


Conservation of Linear Momentum: Since no impulsive force acts on the football 
along the x axis, the linear momentum of the football is conserved along the x axis. 


() (vals = m(vi)s 
0.3(25 cos 30°) = 0.3( vs), 


(vg), = 21.65 m/s — 


Coefficient of Restitution: Since the ground does not move during the impact, the 
coefficient of restitution can be written as 


O= (vs), 

(ve)y re 
—(vB), 

OP 5 ai 30% 


(vs), = 5 m/s t 


(+1) e= 


Thus, the magnitude of viz is 


vg = V (vb) + (ve)y = V21.65? + 5? = 22.2 m/s 


and the angle of vz is 


6 = tan! 
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15-78. Using a slingshot, the boy fires the 0.2-lb marble at 

the concrete wall, striking it at B. If the coefficient of 

restitution between the marble and the wall is e = 0.5, 

determine the speed of the marble after it rebounds from va = 75 ft/s 
the wall. 


Kinematics: By considering the x and y motion of the marble from A to B, Fig. a, 


(#) (oe Gea + ae 


100 = 0 + 75 cos 45° t 


t = 1.886s 


and 
(+1) (sa), = (s)y + (va)yt * 54, e 
(sg), = 0 + 75 sin 45°(1.886) + 5 (—32.2)(1.886" 


= 42.76 ft 


and 


(+1) eae 


(ve)y = 75 sin 45° + (—32.2)(1.886) = —7.684 ft/s = 7.684 ft/s | 


Since (ve) = (va)s = 75 cos 45° = 53.03 ft/s, the magnitude of vz is 


va = V(v—)x? + (va)y? = V53.03? + 7.684 = 53.59 ft/s 


and the direction angle of vz is 
(ve)y 
(ve)x 


Conservation of Linear Momentum: Since no impulsive force acts on the marble 
along the inclined surface of the concrete wall (x’ axis) during the impact, the linear 
momentum of the marble is conserved along the x’ axis. Referring to Fig. b, 


(+7) mel v's) = mpl v's)» 


6 = tan! 


0.2 ») _ 0.2 
355 (53-59 sin 21.756") = 


vp cos ¢ = 19.862 
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15-78. Continued 


Coefficient of Restitution: Since the concrete wall does not move during the impact, 
the coefficient of restitution can be written as 


(+8) 


0.5 


~ —53.59 cos 21.756° 
vz sin d = 24.885 
Solving Eqs. (1) and (2) yields 
Vp = 31.8 ft/s 


& = 51.40° 


Co) =looft 


(2) 


x= 2/756" 
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15-79. The 2-kg ball is thrown so that it travels 
horizontally at 10 m/s when it strikes the 6-kg block as it is 
traveling down the inclined plane at 1 m/s. If the coefficient 
of restitution between the ball and the block is e = 0.6, 
determine the speeds of the ball and the block just after the 
impact. Also, what distance does B slide up the plane before 
it momentarily stops? The coefficient of kinetic friction 
between the block and the plane is pn, = 0.4. 


=m Vy =m v2 
2(10 COs 20°) = 6(1) = 2(va,)2 aE 6(vg,)2 


(v4,)2 + 3(Vp,)2 = 6.3969 


~ Wat — Ya ~~ 10 cos 20° — (-1) 


_ (Va,)2 ~ Wa,)2- (va,)2 ~ Va)2 


e 


(vg,)2 - (va,)2 = 6.23816 
Solving: 
(v4,)2 = —3.0794 m/s 
(vg,)2 = 3.1588 m/s 
Ball A: 
(+N) ma (v4) =m, (v4,)o 
my (—10 sin 20°) = ma (v4,)2 
(va,)2 = —3.4202 m/s 


Thus, 


(v4)2 = V (3.0794) + (—3.4202)? = 4.60 m/s 


(vg)2 = 3.1588 = 3.16 m/s 


tNF, = 0; 6(9.81) cos 20° + N = 0 N = 55.31 N 


T, oe DU 4-2 _ T> 


1 
5 (6)(3.1588)" — 6(9.81) sin 20°d — 0.4(55.31)d = 0 


d = 0.708 m 
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*15-80. The 2-kg ball is thrown so that it travels 
horizontally at 10 m/s when it strikes the 6-kg block as it 
travels down the smooth inclined plane at 1 m/s. If the 
coefficient of restitution between the ball and the block is 
e = 0.6, and the impact occurs in 0.006 s, determine the 
average impulsive force between the ball and block. 


System: 
GA) SaaS Saas 609.81) N 
2(10 cos 20°) — 6(1) = 2(va,)2 + 6(vp,)2 
(v4.2 + 3(p,)2 = 6.3969 


_ (vg) — (Va2 ’ (vB,)2 — (Va,)2 


a - ESE eae 1 Ges MED 


(vg.)2 — (Va,)2 = 6.23816 
Solving: 
(v4,)2 = —3.0794 m/s 


(vg,)2 = 3.1588 m/s 
Block B. 


Neglect impulse of weight. 


(+7) mv, + x fF dt = mv, 


—6(1) + F(0.006) = 6(3.1588) 


F = 416kN 
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e15-81. Two cars A and B each have a weight of 4000 Ib 
and collide on the icy pavement of an intersection. The 
direction of motion of each car after collision is measured 
from snow tracks as shown. If the driver in car A states that 
he was going 44 ft/s (30 mi/h) just before collision and that 
after collision he applied the brakes so that his car skidded 
10 ft before stopping, determine the approximate speed of 
car B just before the collision. Assume that the coefficient 
of kinetic friction between the car wheels and the pavement 
is uw, = 0.15. Note: The line of impact has not been defined; 
however, this information is not needed for the solution. 


Ty ic DU 4_2 = T> 


1 / 4000 


: (ee ead — (0.15)(4000)(10) = 0 


(v4)2 = 9.829 ft/s 
(v4) = 44 ft/s 


(+) Swi e = Bm Gd 


4000 4000 _, , (4000 ; 
(a Jas +0 = (Ss (0.820) sin 40° + (Se one cos 30 


(vg)2 = 43.51 ft/s 


(+1) 3m, (Wy), = Tm (vy)p 


4000 4000 4000 
0 ( Jon = -( (0.829) cos 40° — (Jessy sin 30° 


=0-/5(4000) |b *\)=4-000 Ib 


32.2 32.2 32.2 


(vg) = 29.3 ft/s 
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15-82. The pool ball A travels with a velocity of 10 m/s 
just before it strikes ball B, which is at rest. If the masses of 
A and B are each 200 g, and the coefficient of restitution 
between them is e = 0.8, determine the velocity of both 
balls just after impact. 


Conservation of Linear Momentum: By referring to the impulse and momentum of 
the system of billiard balls shown in Fig. a, notice that the linear momentum of the 
system is conserved along the n axis (line of impact). Thus, 


(4) malvae + mal va) = ala) + mal) 
0.2(10)cos 30° = 0.2v’, cos 04 + 0.2v3 cos O03 


v4 COS 04 + vp cos Og = 8.6603 (a 


Also, we notice that the linear momentum of each ball A and B is conserved along 
the t axis (tangent of plane impact). Thus, 


(+1) malva)e = mala) 
0.2(10) sin 30° = 0.2v‘4 sin 04 


vi, sin 64 = 5 


(+1) 


0 = 0.2v% sin 63 


+ 
vi sin 63 = 0 OSr- 


a3 . ; JFae 
Since vz # 0, then sin 6g = 0. Thus 0200) ky-]s 


@) 


Coefficient of Restitution: The coefficient of restitution equation written along the 
n axis (line of impact) gives 


( ee ) (ve) n on (v4), 
<—_— e = —Mdo_ — 
(va)n P (va)n 
_ Vp COS Og — V4 COS Oy 
10 cos 30° — 0 


vB COS Op — v4 cos 04 = 6.928 
Using the result of #3, and solving Eqs. (1), (2), and (3), 
vy = 5.07m/s 64 = 80.2° 


vB = 7.79 m/s <— 
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15-83. Two coins A and B have the initial velocities shown 
just before they collide at point O. If they have weights of 
W, = 13.2(1077) Ib and Wg, = 6.60(10-°) Ib and_ the 
surface upon which they slide is smooth, determine their 


speeds just after impact. The coefficient of restitution is 
e = 0.65. 


Line of impact 


(+N) ma(va,)1 a melVg,)1 = malva,)o ae mg(vp,)2 


eS), eas (Soo) ere 
32.2 ae 309- o 


= (28 o.n (Von 


(vB,)2 — Wa)2 _ (vg.)2 — (Vao 
fea 1 2 sin 30° — (—3 sin 30°) 


0.65 


7 (vat — (Bt 

Solving: 
(va,)2 = —0.3750 ft/s 
(vg,)2 = 1.250 ft/s 
(+7) malva,)2 = malva,)2 
(A) sae (FS) 

32.2 cos 30° = | 399 /vayde 
(Va,)2 = 1.732 ft/s 
(+7) ma(Vp,)1 = ma(Vz,)2 


(e a= (so Novae 


(Vg,)2 = 2.598 ft/s 


line of Tmpact 


Thus: 


(vg). = V (1.250) + (2.598)? = 2.88 ft/s 


(va)o = V(—0.3750)? + (1.732)? = 1.77 ft/s 
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*15-84. Two disks A and B weigh 2 lb and 5 lb, respectively. 
If they are sliding on the smooth horizontal plane with the 
velocities shown, determine their velocities just after impact. 
The coefficient of restitution between the disks is e = 0.6. 


Conservation of Linear Momentum: By referring to the impulse and momentum of 
the system of disks shown in Fig. a, notice that the linear momentum of the system is 
conserved along the 7 axis (line of impact). Thus, 


(+) ma(va)n + me(va)n = ma(Via)n + ma(VE)n 


ee 


5 2 5 
309 (5) cos 45° + 329 (10) cos 30° = =~ v), cos 04 + =~ vp cos Og 


32.2 32.2 
2v', cos 04 + S5vz cos Og = 36.23 (1) 


Also, we notice that the linear momentum a of disks A and B are conserved along 
the t axis (tangent to the plane of impact). Thus, 


(41) males alr 


2 ee are 
399 (5) sin 45 = 359 4 8in O4 


v4 sin 04 = 3.5355 


(+1) mp(ve): = ms(V's)1 
nae 


2 
9 (10) sin 30° = = =~ vz sin 02 


~ 32.2 
vz sin Op = 5 (3) 


Coefficient of Restitution: The coefficient of restitution equation written along the 
n axis (line of impact) gives 


( oe ) (Va) = (ve) n 
> e = 7 
(ve)n = (va)n 

v'4 COS O04 — Vg COS Op 


0.6 = 
10 cos 30° — (-5 cos 45°) 


v'4 COS 04 — VRCOS Og = 7.317 


Solving Eqs. (1), (2), (3), and (4), yields 


vy = 11.0 ft/s 


vig = 5.88 ft/s 
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015-85. Disks A and B have a mass of 15 kg and 10 kg, 
respectively. If they are sliding on a smooth horizontal plane 
with the velocities shown, determine their speeds just after 
impact. The coefficient of restitution between them is e = 0.8. 


Conservation of Linear Momentum: By referring to the impulse and momentum of 
the system of disks shown in Fig. a, notice that the linear momentum of the system is 
conserved along the n axis (line of impact). Thus, 


+7 ma (va)n + mg (ve) = malV'4)n + mg (ve)n 


15(10)( 2) 10)(2) = 15v, cos 64 + 10v_ cos hp 


15v, cos, + 10vgcos dp = 42 (1) 


Also, we notice that the linear momentum of disks A and B are conserved along the 
t axis (tangent to? plane of impact). Thus, 


rN ma(va)e =m, (v4), 
15(10)( 2) = 15v4 sino, 
v4 sing, = 8 
and 
+\ mp (ve), = mp(ve)e 
108)( 2) = 10 vgsin ds 
vp sin bp = 6.4 (3) 
(a) 


Coefficient of Restitution: The coefficient of restitution equation written along the n 
axis (line of impact) gives 


_ (Vp)n = (Va)n 
(Va)n ~ (VB)n 


VR COS hp — V4 cos db, 
3 3 
(5) - [-*(3)] 


Vg COS hg — V4 cos by = 8.64 


0.8 = 


Solving Eqs. (1), (2), (3), and (4), yeilds 
v4 = 8.19 m/s 
b4 = 102.52° 
Vz = 9.38 m/s 


bp = 42.99° 
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15-86. Disks A and B have a mass of 6 kg and 4 kg, 
respectively. If they are sliding on the smooth horizontal 
plane with the velocities shown, determine their speeds just 
after impact. The coefficient of restitution between the 
disks is e = 0.6. 


Conservation of Linear Momentum: The orientation of the line of impact (n axis) 
and the tangent of the plane of contact (¢ axis) are shownn in Fig. a. By referring to 
the impulse and momentum of the system of disks shown in Fig. b, we notice that the 
linear momentum of the system is conserved along the n axis. Thus, 


(\+) malv.4)n + mp(VB)n = malv'4)n + Mg (v5)n 
—6(10) cos 75° + 4(5)cos 60° = 6(v,4, cos 64) — 4(vz cos dp) 


4v', cos b4 — 6v_ C08 bg = 5.529 (1) 


Also, we notice that the linear momentum of disks A and B are conserved along the 
t axis. Thus, 


(+7) ma(va)e =mMa (via): 
6(10) sin 75° = 6 v4 sind, 


v4 sind, = 9.659 


mel va): = mB (vs); 


4(5) sin 60° = 4 vgsin bp 
vz sin bg = 4.330 (3) 


Coefficient of Restitution: The coefficient of restitution equation written along the 
n axis (line of impact) gives 


_(va)a~ (Ua) 
(va)n © (va)n 


—vR cos dz — V4 cos by 
—10 cos 75° — 5 cos 60° 


(\+) 


0.6 = 


Vg COS hp + V4cos by = 3.053 
Solving Eqs. (1), (2), (3), and (4), yields 

v4 = 9.68 m/s 

ba = 86.04° 

vp = 4.94 m/s 


bp = 61.16° 
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15-87. Disks A and B weigh 8 lb and 2 Ib, respectively. If 
they are sliding on the smooth horizontal plane with the 
velocities shown, determine their speeds just after impact. 
The coefficient of restitution between them is e = 0.5. 


Conservation of Linear Momentum: The orientation of the line of impact (n axis) 
and the tangent of the plane of contact, (¢ axis) are shown in Fig. a. By referring to 
the impulse and momentum of the system of disks shown in Fig. b, notice that the 
linear momentum of the system is conserved along the n axis. Thus, 


malVa)n + mg (ve)n =m, (V4)n + me(VB)n 


8 5 2 12 8, Boi, 
32.2 a3(3) "302 06( 75) gg ACO ba) 32.2 (vz cos b5) 


8v'4 cos 64 — 2vg cos bp = 8 (1) 


Also, we notice that the linear momentum of disks A and B are conserved along the 
t axis. Thus, 


ma(va)e = ma, (v4). 


8 12 BS ies 
32.2 a3(4) 32.2 VAIN Pa 


vz sind, = 12 


me(vg): = mB (vs), 


2 26) De Spx 
32.2 2) 73 ) = 37.9 28 Sin bs 


vp sin dg = 10 (3) 


Coefficient of Restitution: The coefficient of restitution equation written along the 
n axis (line of impact) gives 


_ (Hala — (Ua) 
(va)n — (va)n 


—vp COS hg — V4 COS by 


(3) 26( 33) 


v4 cos b4 + vp cos pp = 14.5 


0.5 = 


Solving Eqs. (1), (2), (3), and (4), yields 
v4 = 12.6 ft/s 
by = 72.86° 
vp = 14.7 ft/s 
bp = 42.80° 


$3) slug: Is 
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*15-88. Ball A strikes ball B with an initial velocity of (v4); 
as shown. If both balls have the same mass and the collision is 
perfectly elastic, determine the angle 6 after collision. Ball B 
is originally at rest. Neglect the size of each ball. 


Velocity before impact: 
(vast = (vai cosh — (vay) = (va) Sind 
(vgx)1 = 0 (vpy)1 = 0 
Velocity after impact 
(v4x)2 = (va)2 COS 6; (vay)2 = (v4), sin A 
(vpx)2 = (vg)2 C08 02 ~~ (vay)2 = —(vg)2 Sin A 
Conservation of “y” momentum: 
mB (vay) = mB (upy)2 
0= m| —(v9)> sin >| 0, = 0° 
Conservation of “x” momentum: 
Ma (Vax)1 + Mg (VgEx)1 = Ma (Vax)2 + Mg (Vpx)2 
m (vy), cos 6 + 0 = m(va)2 cos 0, + m (v~g)2 cos 0° 
(v4) cos b = (va)2 Cos 6; + (vg)o 
Coefficient of Restitution (x direction): 


Fe (vax)2 — (Vax)2 | (vg)2 cos 0° — (va)2 COs 01 
(vaxi — (ax ” (v4) cos 6 — 0 


(v4); cos = —(v4)2 cos , + (Vg)2 


Subtracting Eq. (1) from Eq. (2) yields: 
2(vy4)2.cos6;=0 Since 2(vy). # 0 
cos 6; = 0 0, = 90° 


6 = 6, + 8, = 90° + 0° = 90° 


Oh). 


line of impact 
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¢15-89. Two disks A and B each have a weight of 2 lb and 

the initial velocities shown just before they collide. If the 

coefficient of restitution is e = 0.5, determine their speeds (va) = 4 ft/s 
just after impact. 


System: 


(+7) = mv, = TMV, 


03 (5) om (5) - oD (“a)ax + oD (Yada 


7 (Vax)2 — (Vax)2 ; _ (Vax)2 — (Vax)2 
(Vax — Vax ; 


(vg), = 3 ft/s 


(+7) 


Solving, 

(v4 x)2 = 0.550 ft/s 

(vgx)2 = —1.95 ft/s = 1.95 ft/s <— 
Ball A: 


(+N) 


ae (4) ( 5 


a5) 


(va,)2 = —2.40 ft/s 


Thus, 
(v4). = V (0.550)? + (2.40)° = 2.46 ft/s 
(vg). = V (1.95)? + (2.40)? = 3.09 ft/s 


() =4F¢/s 
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15-90. The spheres A and B each weighing 4 lb, are 
welded to the light rods that are rigidly connected to a shaft 
as shown. If the shaft is subjected to a couple moment of 
M = (4¢? + 2) lb- ft, where f is in seconds, determine the 
speed of A and B when t = 3s. The system starts from rest. 
Neglect the size of the spheres. 


Free-Body Diagram: The free-body diagram of the system is shown in Fig. a. Since by M = (40° + 2) Ib-ft 
the moment reaction M_ has no component about the z axis, the force reaction F,, 

acts through the z axis, and the line of action of W, and W;, are parallel to the z axis, 

they produce no angular impulse about the z axis. 


Principle of Angular Impulse and Momentum: 


qh 
(H,), +5 / M, dt = (Hy) 


38 
0+ | (42 + 2)at = (5 (v)(2.5 cos 45°)) 
0 . 


4p 3s 
—+2t) =0.4392v 
3 0 


v = 95.6 ft/s 


Wa =4- Ib 


Me 
M=(4t%42) Ib. ft 
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15-91. If the rod of negligible mass is subjected to a 
couple moment of M = (30/7) N-m and the engine of the 
car supplies a traction force of F = (15t) N to the wheels, aie 
where f is in seconds, determine the speed of the car at the 
instant tf = 5s. The car starts from rest. The total mass of 
the car and rider is 150 kg. Neglect the size of the car. M = (3002) N-m 


m 


Free-Body Diagram: The free-body diagram of the system is shown in Fig. a. Since 
the moment reaction M, has no component about the z axis, the force reaction F, 
acts through the z axis, and the line of action of W and N are parallel to the z axis, 
they produce no angular impulse about the z axis. 


Principle of Angular Impulse and Momentum: 


ty 
(1,).+3 [ M.ar= (1), 


5s 5s 
O+ i 300 dt + | 151(4)dt = 150v(4) 
0 0 


v = 3.33 m/s 


W=/504-B))N 
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15-92. The 10-lb block rests on a surface for which 
by, = 0.5. It is acted upon by a radial force of 2 lb and a 
horizontal force of 7 lb, always directed at 30° from the 
tangent to the path as shown. If the block is initially 
moving in a circular path with a speed v, = 2 ft/s at the 
instant the forces are applied, determine the time required 
before the tension in cord AB becomes 20 lb. Neglect the 
size of the block for the calculation. 


20 = 7si 30° -2 = 20% 
oi ~ 39.2 °4 


v = 13.67 ft/s 


(Ha); + » [Made = (4): 


10 
32.2 


10 


( 32.2 


)(2)(4) + (7 cos 30°)(4)(t) — 0.5(10)(4) t = (13.67)(4) 


t= 3.41s 


15-93. The 10-lb block is originally at rest on the smooth 
surface. It is acted upon by a radial force of 2 lb and a 
horizontal force of 7 lb, always directed at 30° from the 
tangent to the path as shown. Determine the time required 
to break the cord, which requires a tension T = 30 lb. What 
is the speed of the block when this occurs? Neglect the size 
of the block for the calculation. 


. 7 10 
30 — 7 sin 30 2 = 355 me 


v = 17.764 ft/s 


(Ha), + » fade = (A4) 


10 


0 + (7 cos 30°)(4)(t) = 39 


(17.764)(4) 


t = 0.910s 
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15-94. The projectile having a mass of 3 kg is fired from a 
cannon with a muzzle velocity of v) = 500m/s. Determine 
the projectile’s angular momentum about point O at the 
instant it is at the maximum height of its trajectory. 


At the maximum height, the projectile travels with a horizontal speed of 
v = vy = 500 cos 45° = 353.6 m/s”. 


(+1) v2 = (up) + 2a] sy — (50), 


0 = (500 sin 45°? + 2(-9.81)[(5y)may ~ 0] 


(Sy)max = 6371 m 


Ho = (d)(mv) = 6371(3)(353.6) = 6.76(10°) kg- m?/s 


15-95. The 3-lb ball located at A is released from rest and 
travels down the curved path. If the ball exerts a normal 
force of 5 lb on the path when it reaches point B, determine 
the angular momentum of the ball about the center of 
curvature, point O. Hint: Neglect the size of the ball. The 
radius of curvature at point B must first be determined. 


Datum at B: 


T, +V,=1T,+ V2 


0 + 3(10) = ; (s35 Jeon? 


vp = 25.38 ft/s 


(tara: 5-3=(<2,)(22%) 


p 


p = 30ft 


= 3 = 2 
Hz = 20( 35 )(258) = 70.9 slug: ft*/s 
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*15-96. The ball B has a mass of 10 kg and is attached to 
the end of a rod whose mass can be neglected. If the shaft is 
subjected to a torque M = (217 + 4)N~-m, where ¢ is in 
seconds, determine the speed of the ball when t = 2s. The 
ball has a speed v = 2 m/s whent = 0. 


Principle of Angular Impluse and Momentum: Applying Eq. 15-22, we have 


ty 
(H,); + 2 | M, dt = (H,)2 
i zat Nm 


2s seeiianes 
0.5(10)(2) + [ (22? + 4) dt = 0.5(10) v (" oh 


\ 


v = 4.67 m/s 


e15-97. The two spheres each have a mass of 3 kg and are 
attached to the rod of negligible mass. If a torque 
M = (6e°”) N - m, where f is in seconds, is applied to the 
rod as shown, determine the speed of each of the spheres in 
2 s, starting from rest. 


Principle of Angular Impluse and Momentum: Applying Eq. 15-22, we have 


2) 
(Hy) +f M.dt = UH), 3960 
ty va 


2s 
2[0.4 (3) (0)] + i (6e°?") dt = 2 [0.4 (3) v] 


v = 6.15 m/s 
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15-98. The two spheres each have a mass of 3 kg and are 
attached to the rod of negligible mass. Determine the time 
the torque M = (8t) N- m, where ¢ is in seconds, must be 
applied to the rod so that each sphere attains a speed of 
3 m/s starting from rest. 


Principle of Angular Impluse and Momentum: Applying Eq. 15-22, we have 


1) 
(H,), + 2 | M, dt = (Hz) 
aT 


2[0.4 (3) (0)] + / (8t) dt = 2[0.4 (3) (3)] 


t= 134s 


15-99. An amusement park ride consists of a car which is 
attached to the cable OA. The car rotates in a horizontal 
circular path and is brought to a speed v, = 4 ft/s when 
r = 12 ft. The cable is then pulled in at the constant rate of 
0.5 ft/s. Determine the speed of the car in3 s. 


Conservation of Angular Momentum: Cable OA _  is_ shorten by 
Ar = 0.5(3) = 1.50 ft. Thus, at this instant r; = 12 — 1.50 = 10.5 ft. Since no force 
acts on the car along the tangent of the moving path, the angular momentum is 
conserved about point O. Applying Eq. 15-23, we have 


(Ho): = (Ho)2 
ry mv, = ry mv' 
12(m)(4) = 10.5(m) v’ 


v’ = 4.571 ft/s 


The speed of car after 3 s is 


vo = V0.5" + 4.571? = 4.60 ft/s 


441 


91962_04_s15_p0355-0478 6/8/09 12:56 PM Page 442 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*15-100. An earth satellite of mass 700 kg is launched into 
a free-flight trajectory about the earth with an initial speed 
of v4, = 10km/s when the distance from the center of the 
earth is r, = 15 Mm. If the launch angle at this position is 
dé, = 70°, determine the speed vz of the satellite and its 
closest distance rg from the center of the earth. The earth 
has a mass M, = 5.976(10") kg. Hint: Under these 
conditions, the satellite is subjected only to the earth’s 
gravitational force, F = GM.m,/r?, Eq. 13-1. For part of 
the solution, use the conservation of energy. 


(Ho): = (Ho) 

ms (vq sin bar, = ms (Vp)rp 

700[10(10%) sin 70°](15)(10°) = 700(vg)(rg) 
TatVa=TgtVz 


GM, Ms, GM.m, 

pms (v4)? — EE =m, (vg)? — 

66.73(10"'*)(5.976)(10)(700) 1 5 
[15(10%)] 5 (700)(ve) 
66.73(10!7)(5.976)(107*)(700) 


TB 


; (700)[10(10)] 


Solving, 
Vg = 10.2 km/s 


ro = 13.8Mm 
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e15-101. The 2-kg ball rotates around a 0.5-m-diameter 
circular path with a constant speed. If the cord length is 
shortened from / = 1 m to /’ = 0.5m, by pulling the cord 
through the tube, determine the new diameter of the path d’. 
Also, what is the tension in the cord in each case? 


Equation of Motion: When the ball is travelling around the 0.5 m diameter circular 


V 0.9375 
1 


0.25 
path, cos 6 = ae 0.25 and sin @ = = V 0.9375. Applying Eq. 13-8, 


we have 


SF, = 0; T (0.9375) — 29.81) = 0 


T, = 20.26N = 20.3N 


20.26(0.25 = 2 “) 
a a 0.25 


v, = 0.7958 m/s 


When the ball is travelling around d’ the diameter circular path, 


d'/2 V0.25 — 0.25 d” 
ie =d’ and sind = 05 = V1-—-d. Applying Eq. 


13-8, we have 


cos @ = 


=F, = 0; T,(V1 — d*) — 2(9.81) = 0 20981) N 


2 
EF, = may: T> (d’) = a io ) [2] 


d'/2 
Conservation of Angular Momentum: Since no force acts on the ball along the 
tangent of the circular path, the angular momentum is conserved about z axis. 
Applying Eq. 15— 23, we have 
(H,)1 = (Hz)2 
ry MV, = ry2 Mv 


d' ZBI) N 
0.25 (2) (0.7958) = a (2) vp 


Solving Eggs. [1], [2] and [3] yields 
d’ = 0.41401 m = 0.414m T, = 216N 


vy = 0.9610 m/s 
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15-102. A gymnast having a mass of 80 kg holds the two 
rings with his arms down in the position shown as he swings 
downward. His center of mass is located at point G;. When 
he is at the lowest position of his swing, his velocity is 
(vg); = 5 m/s. At this position he suddenly lets his arms 
come up, shifting his center of mass to position G). 
Determine his new velocity in the upswing and the angle 6 
to which he swings before momentarily coming to rest. 
Treat his body as a particle. 


(Ho): = (Ho)2 


é 
5 (80)(5) = 5.8 (80) v. vy) = 4.310 m/s = 4.31 m/s ; 


“(woh =5m/s 


T,; + V, =7T.+ V2 


5 (80)(4.310)° + 0 = 0 + 80(9.81)[5.8 (1 — cos 6)] 


0 = 33.2° 


15-103. The four 5-lb spheres are rigidly attached to the 
crossbar frame having a negligible weight. If a couple moment 
M = (0.5t + 0.8) Ib: ft, where ¢ is in seconds, is applied as 
shown, determine the speed of each of the spheres in 4 seconds 
starting from rest. Neglect the size of the spheres. 


> 


M = (0.5t + 0.8) Ib - ft 


(Az). + > fm. dt = (H,) 


0+ | ‘ (0.5¢+ 0.8) dt = | (5)os a 


7.2 = 0.37267 v2 


vy = 19.3 ft/s 
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*15-104. At the instant r = 1.5 m, the 5-kg disk is given a 
speed of v = 5m/s, perpendicular to the elastic cord. 
Determine the speed of the disk and the rate of shortening 
of the elastic cord at the instant r = 1.2 m. The disk slides 
on the smooth horizontal plane. Neglect its size. The cord 
has an unstretched length of 0.5 m. 


Conservation of Energy: The intial and final stretch of the elastic cord is 
s; = 1.5 — 0.5 = 1mands, = 1.2 — 0.5 = 0.7m. Thus, 


T, + V,=T2,+ V2 


nok 
2 


1 
mv,2 5 ks, mv? = 5 ks? 


2 


5308") + 5 (200)(1 = 5 (5)v3" + 5 (200)(0.7%) 


vy = 6.738 m/s Ans. 


Conservation of Angular Momentum: Since no angular impulse acts on the disk 
about an axis perpendicular to the page passing through point O, its angular 
momentum of the system is conserved about this z axis. Thus, 


(Ho): im (Ho)> 
rymv, = rym(v2)9 


ryv, —-1.5(5) 
(v2)o = r. =z 72 = 6.25 m/s 


Since v,* = (v2)6? + (v2),7, then 


(v2), = Vivo? = (v2)9? = V6.738? — 6.25? = 2.52 m/s 
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015-105. The 150-Ib car of an amusement park ride is 
connected to a rotating telescopic boom. When r = 15 ft, 
the car is moving on a horizontal circular path with a speed 
of 30 ft/s. If the boom is shortened at a rate of 3ft/s, 
determine the speed of the car when r = 10 ft. Also, find 
the work done by the axial force F along the boom. Neglect 
the size of the car and the mass of the boom. 


Conservation of Angular Momentum: By referring to Fig. a, we notice that the 
angular momentum of the car is conserved about an axis perpendicular to the 
page passing through point O, since no angular impulse acts on the car about this 
axis. Thus, 


(Ho); = (Ho)> 
nmy, = rom(v>)g 


15(30) 


ys oS = 45 ft/s 
i) 10 


Thus, the magnitude of v, is 


vo = V(v9),? — (vo)? = V3? + 452 = 45.10 ft/s = 45.1 ft/s Ans. 


Principle of Work and Energy: Using the result of v2, 


(45.10 


Up = 2641 ft: Ib 
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15-106. A small ball bearing of mass m is given a velocity 
of vp at A parallel to the horizontal rim of a smooth bowl. 
Determine the magnitude of the velocity v of the ball when 
it has fallen through a vertical distance h to reach point B. 
Angle 6 is measured from v to the horizontal at point B. 


Conservation of Angular Momentum: By observing the free-body diagram of the 
ball shown in Fig. a, notice that the weight W of the ball is parallel to the z axis and 
the line of action of the normal reaction N always intersect the z axis, and they 
produce no angular impulse about the z axis. Thus, the angular momentum of the 


H 
ball is conserved about the z axis. At point B, z = H — h.Thus, H — h = —5 r? or 
Yo 


roMVy = rmv cos 0 


Conservation of Energy: By setting the datum at point B, 
Ta ac Va = Tp + Ve 


1 1 
5 myo" + mgh = 5m + 0 


v = Vivo + 2gh 
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15-107. When the 2-kg bob is given a horizontal speed of 
1.5 m/s, it begins to rotate around the horizontal circular 
path A. If the force F on the cord is increased, the bob rises 
and then rotates around the horizontal circular path B. 
Determine the speed of the bob around path B. Also, find 
the work done by force F. 


Equations of Motion: By referring to the free-body diagram of the bob shown in 
Fig. a, 


+TSF, = 0; F cos 6 — 2(9.81) = 0 (1) 


2 
<—>F, = ma,; F sino = 2{ v ) 
Zsin@ 


Eliminating F from Eqs. (1) and (2) yields 
sin’?6 ov? 
cos@ 9.811 


2 


1 — cos? 6 _ ov 
cos 0 9.811 


When / = 0.6 m,v = v; = 5 m/s. Using Eq. (3), we obtain 


1 — cos” 6, 1.57 


cos 0; 9.81(0.6) 


cos’, + 0.3823 cos 0, — 1 = 0 


Solving for the root < 1, we obtain 


6, = 34.21° 


Conservation of Angular Momentum: By observing the free-body diagram of 
the system shown in Fig. b, notice that W and F are parallel to the z axis, M, has 
no z component, and Fy acts through the z axis. Thus, they produce no angular 
impulse about the z axis. As a result, the angular momentum of the system is 
conserved about the z axis. When 06= 6, = 34.21° and 6= hh, 
r =r, = 0.6 sin 34.21° = 0.3373 m and r = r2 = 0.3 sin 63. Thus, 


(H.)1 = (Hz)2 
rymVv, = rgMv2 
0.3373(2)(1.5) = 0.3 sin @ (2)v2 


v2 sin 05 = 1.6867 
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15-107. Continued 


Substituting / = 0.3 and @ = 63 v = v3 into Eq. (3) yields 


1 — cos”, v 


COS 04 9.81(0.3) 


1 — cos”, v2" 
cos@,  ——-2.943 


Eliminating v2 from Eqs. (4) and (5), 
sin? 6, tan 0, — 0.9667 = 0 
Solving the above equation by trial and error, we obtain 


6) = 57.866° 


Substituting the result of 6, into Eq. (4), we obtain 


v2 = 1.992 m/s = 1.99 m/s Ans. 


Principle of Work and Energy: When 6 changes from 0, to 62, W displaces vertically 
upward h = 0.6 cos 34.21° — 0.3 cos 57.866° = 0.3366 m. Thus, W does negatives 
work. 


T, + XU 4_> = T> 


2 u Ur t ( Wh) => mv>? 


5 (2)(1.5%) + Up — 2(9.81)(0.3366) = 5 (2)(1.992) 


Up = 832N-m 
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*15-108. A scoop in front of the tractor collects snow at a 
rate of 200 kg/s. Determine the resultant traction force T 
that must be developed on all the wheels as it moves 
forward on level ground at a constant speed of 5 km/h. The 
tractor has a mass of 5 Mg. 


m 


1th 
Here, the tractor moves with the constant speed of v = 5(10") uF 600 
S 


= 1.389 m/s. Thus, vp, = v = 1.389 m/s since the snow on the ground is at rest. 


dm 
The rate at which the tractor gains mass is i: = 200 kg/s. Since the tractor is 


d 
moving with a constant speeds a = 0. Referring to Fig. a, 


dv dm 
ot | Ss: 
HEF, =m + voys—G 3 T= 0 + 1389200) 


T = 278N 


500098) N 
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e15-109. A four-engine commercial jumbo jet is cruising 
at a constant speed of 800 km/h in level flight when all four 
engines are in operation. Each of the engines is capable of 
discharging combustion gases with a velocity of 775 m/s 
relative to the plane. If during a test two of the engines, one 
on each side of the plane, are shut off, determine the new 
cruising speed of the jet. Assume that air resistance (drag) is 
proportional to the square of the speed, that is, Fp = cv’, 
where c is a constant to be determined. Neglect the loss of 
mass due to fuel consumption. 


Steady Flow Equation: Since the air is collected from a large source (the 
atmosphere), its entrance speed into the engine is negligible. The exit speed of the 
air from the engine is 


(+) Ve + Vp + Ve/p 


When the four engines are in operation, the airplane has a constant speed of 


1h 
vp = 80010") (tt) = 222.22 m/s. Thus, 
N) 


(+) v, = —222.22 + 775 = 552.78 m/s—> 


Referring to the free-body diagram of the airplane shown in Fig. a, 
dm 
= 5 C(222.22) = 4 —— (552.78 — 0 
A(va)x — (va)ef — €(222.227) = 4 = ( ) 


c = 0.44775 a 
dt 


When only two engines are in operation, the exit speed of the air is 
(+) Ve = —Vp + 775 


Using the result for C, 


53K, = 2" [(vs).— (valeh (ovr tm) 4) Sg Os 4995) = 0) 


dt dt dt 


0.044775v,* + 2v, — 1550 = 0 


Solving for the positive root, 


vp = 165.06 m/s = 594 km/h 
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15-110. The jet dragster when empty has a mass of 
1.25 Mg and carries 250 kg of solid propellent fuel. Its 
engine is capable of burning the fuel at a constant rate of 
50 kg/s, while ejecting it at 1500m/s relative to the 
dragster. Determine the maximum speed attained by the 
dragster starting from rest. Assume air resistance is 
Fp = (10v’) N, where v is the dragster’s velocity in m/s. 
Neglect rolling resistance. 


The free-body diagram of the dragster and exhaust system is shown in Fig. a, The 
pair of thrust T cancel each other since they are internal to the system. The mass of 
the dragster at any instant fis m = (1250 + 250) — 50¢ = (1500 — 50r) kg. 


dv 
dt 


10v? = (1500 — 50r)—- — 1500(50) 


dt a dv 
1500 — 50t 75000 — 10v? 


() 


The dragster acheives its maximum speed when all the fuel is consumed. The time it 


250 
takes for this to occur is f = 0 7 5 s. Integratiing Eq. (1), 


a dt A dv 
9 1500-50¢ Jo 75000 — 10V* 


1 i 1 V75000 + V10v|¥ 
—=1n(1500 — 50r)| = In vil 
50 0  2V75000(10) V75000 — V10vlo 


¥75000 + Vi0v _ cate 
75000 — V10v 


V75000 + V10V gang 
= 96 
V75000 — V/10v 


v = 86.3 m/s 


1 


System bo undary, 
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15-111. The 150-lb fireman is holding a hose which has a 
nozzle diameter of 1 in. and hose diameter of 2 in. If the 
velocity of the water at discharge is 60 ft/s, determine the 
resultant normal and frictional force acting on the man’s 
feet at the ground. Neglect the weight of the hose and the 
water within it. y,, = 62.4 lb/ft®. 


Originally, the water flow is horizontal. The fireman alters the direction of flow to 
40° from the horizontal. 


2 
dm 62.4 ue 5) 


a” = pvpAp = (60 
dt PVBAB= 35, “Gop 


= 0.6342 slug/s 


Also, the velocity of the water through the hose is 


pvaA, = pvpAg 


PVA (=) = p (60) 


(12)? (12) 


VA = 15 ft/s 
zé = dm 
DF, = ay (vas s. (va)x) 


F; = 0.6342| 60 cos 40° — 15] 


F; = 19.6 1b 


HER, = (v9), - (a) 


Ny — 150 = 0.6342[ 60 sin 40° — 0] 


Ny = 174 1b 


150 Ib 
Up,= Go ft/s 


AD’ 
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*15-112. When operating, the air-jet fan discharges air 
with a speed of vg = 20 m/s into a slipstream having a 
diameter of 0.5 m. If air has a density of 1.22 kg/m%, 
determine the horizontal and vertical components of 
reaction at C and the vertical reaction at each of the two 
wheels, D, when the fan is in operation. The fan and motor 
have a mass of 20 kg and a center of mass at G. Neglect the 
weight of the frame. Due to symmetry, both of the wheels 
support an equal load. Assume the air entering the fan at A 
is essentially at rest. 


= = pvA = 1.22(20)(7)(0.25)2 = 4.791 kg/s 


dm 
4+ 3F,= “ay AB — va.) 


C, = 4.791(20 — 0) 
C, = 95.8N 
+T=F,=0; Cy, + 2D, — 2009.81) =0 


iid 


+2Mc = 
G ert 


(dcg VB — dcg Va) 


2D, (0.8) — 20(9.81)(1.05) = 4.791(—1.5(20) 


Solving: 
Dy = 38.9N 


C, = 118N 


2009-81) N 
405m 
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e15-113. The blade divides the jet of water having a 
diameter of 3 in. If one-fourth of the water flows downward 
while the other three-fourths flows upwards, and the total 
flow is Q = 0.5 ft?/s, determine the horizontal and vertical 
components of force exerted on the blade by the jet, 
Vy = 62.4 lb/ft’. 


Equations of Steady Flow: Here, the flow rate Q = 0.5ft?/s. Then, 


Q_ 05 dm 62.4 
=—= = 10.19 ft/s. Al = = 0.5) = 0.9689 sl : 
arr F GP /s. Also, a Pe Q 30 (0.5) 9 slug/s 


Applying Eq. 15-25 we have 


dm 
dt 


=F,= > 


(vou, — vin.) 3 — Fx = 0 — 0.9689 (10.19) F, = 9.87 Ib 


dm 3 1 4 
re — Uin,) 3 Fy = = (0.9689)(10.19) + 7 (0.9689)(—10.19) t 


fuscia 


Fy = 4.93 Ib 


V=l0-19 Ftls 
— 


i 


| U=10-19 $s 


15-114. The toy sprinkler for children consists of a 0.2-kg 
cap and a hose that has a mass per length of 30 g/m. 
Determine the required rate of flow of water through the 
5-mm-diameter tube so that the sprinkler will lift 1.5 m 
from the ground and hover from this position. Neglect the 
weight of the water in the tube. p,, = 1 Mg/m*. 


22: 2. Q 
7 (0.0057) 6.25(10~®)ar 
Q = 1000Q. Applying Eq. 15-25, we have 


Equations of Steady Flow: Here, v 


y 


v,); [0.2 + 1.5 (0.03)] (9.81) = 1000 som E : ) 


Q = 0.217 (10-3) m3/s 
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15-115. The fire boat discharges two streams of seawater, 
each at a flow of 0.25 m?/s and with a nozzle velocity of 
50 m/s. Determine the tension developed in the anchor 
chain, needed to secure the boat. The density of seawater is 
Psw = 1020 kg/m?. 


Steady Flow Equation: Here, the mass flow rate of the sea water at nozzles A and B 
dm dm 
are a rt Psy Q = 1020(0.25) = 225 kg/s. Since the sea water is collected 


from the large reservoir (the sea), the velocity of the sea water entering the control 


volume can be considered zero. By referring to the free-body diagram of the control 


volume(the boat), 


dm dm 
& =F, = a (v4)x 7 \ve)s 


T cos 60° = 225(50 cos 30°) + 225(50 cos 45°) 
T = 40114.87N = 40.1kN 
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*15-116. A speedboat is powered by the jet drive shown. 
Seawater is drawn into the pump housing at the rate of 
20 ft?/s through a 6-in.-diameter intake A. An impeller 
accelerates the water flow and forces it out horizontally 
through a 4-in.- diameter nozzle B. Determine the horizontal 
and vertical components of thrust exerted on the speedboat. 
The specific weight of seawater is y,,, = 64.3 lb/ft’. 


Steady Flow Equation: The speed of the sea water at the hull bottom A and B are 


20 20 
7 = 101.86 ft/s and vz = 2 5 = 229.18 ft/s and 


7(%) “ 4G) 
4\12 4 \12 
the mass flow rate at the hull bottom A and nozle B are the same, ie., 


dm 64.3 . 
=F di Psy Q ($3 )20 39.94 slug/s. By referring to the 


free-body diagram of the control volume shown in Fig. a, 


F,, = 39.94(229.18 — 101.86 cos 45°) 
= 6276.55 lb = 6.28kip — Ans. 
F,, = 39.94(101.86 sin 45° — 0) 


= 2876.53 lb = 2.28 kip Ans, 


Up = 229-18 ff, 


45°VA 


Y*/0/-86 fz, 
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°15-117. The fan blows air at 6000 ft?/min. If the fan has a 
weight of 30 lb and a center of gravity at G, determine the 
smallest diameter d of its base so that it will not tip over. 
The specific weight of air is y = 0.076 lb/ft*. 


6000 ft* 1 mi 
Equations of Steady Flow: Here Q = ( : ) x ( aes 
min 60s 


Q 100 dm 0.076 
a = 56.59 ft/s. Al = = 
"A F053) fs. Also, “7, = 2 = 355 


Applying Eq. 15-26 we have 


) = 100 ft?/s. Then, 


(100) = 0.2360 slug/s. 


am 


77 dos ue ~ doa va); 20( 0 + <) = 0.2360 [4(56.59) — 0] 


¢ +=iMo = 


d = 2.56 ft Ans. 


y= 56H, 
— 


15-118. The elbow for a 5-in-diameter buried pipe is 
subjected to a static pressure of 10 Ib/in’. The speed of the 
water passing through it is v = 8 ft/s. Assuming the pipe 
connections at A and B do not offer any vertical force 
resistance on the elbow, determine the resultant vertical 
force F that the soil must then exert on the elbow in order 
to hold it in equilibrium. Neglect the weight of the elbow 
and the water within it. y,, = 62.4 Ib/ft*. 


5 2 
Equations of Steady Flow: Here. Q = vA = 37 ( ) = 1.091 ft?/s. Then, the 


4 \12 
d 62.4 
mass flow rate is 7 37,7 (1.091) = 2.114 slug/s. Also, the force 


induced by the water pressure at A is F = pA = 107 (=) = 62.57 Ib. Applying 
Eq. 15-26, we have 


_ dm 
dt 


(up, — va,); —F + 2(62.5 m cos 45°) = 2.114(—8 sin 45° — 8 sin 45°) 


F = 302 1b Ans. 


dm 
LFS SS 
~ dt 


= 2.114[—8 cos 45° — (—8 cos 45°)] 


(ug, — v4,); 62.5 7 sin 45° — 62.5 7 sin 45° 


(Check!) 
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15-119. The hemispherical bowl of mass m is held in 
equilibrium by the vertical jet of water discharged through 
a nozzle of diameter d. If the discharge of the water through 
the nozzle is Q, determine the height h at which the bowl is 
suspended. The water density is p,,. Neglect the weight of 
the water jet. 


Conservation of Energy: The speed at which the water particle leaves the nozzle is 


4Q 
sacar The speed of particle v4, when it comes in contact with the 
7 


a a 
bowl can be determined using conservation of energy. With reference to the datum 
set in Fig. a, 


T,+V,=T,+V20 


Steady Flow Equation: The mass flow rate of the water jet that enters the control 


dm 
volume at A is ae = p,Q, and exits from the control volume at B is 


alle eacalle Th = |e Oph. Here: dhe: vetheal 
i a = p,Q. Thus, vp = vy =f gh. Here, the vertical force 


acting on the control volume is equal to the weight of the bowl. By referring to the 


free - body diagram of the control volume, Fig. b, 


dmg 
+ TIF, =2 a Ye 


160° 1607 
qt 28h | Pw2| J 29a — 28h 


—mg = — (P,Q) dt 
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*15-120. The chute is used to divert the flow of water, 
OQ = 0.6 m*/s. If the water has a cross-sectional area of 
0.05 m”, determine the force components at the pin D and 
roller C necessary for equilibrium. Neglect the weight of the 
chute and weight of the water on the chute. p,, = 1 Mg/m’*. 


Equations of Steady Flow: Here, the flow rate Q=0.6m?/s. Then, 
Oo Oe 
Ca gs 12.0 m/s. Also, 


Eggs. 15-26 and 15-28, we have 


d 
oa = p, Q = 1000 (0.6) = 600 kg/s. Applying 


ae 


G+=M, = a (dpp vg — dpa va); 
C, (2) = 600 [0 — 1.38(12.0)] C, = 4968 N = 4.97kN 


1 (up, — v4); 
D, + 4968 = 600 (12.0 — 0) D,, = 2232N = 2.23 kN 


+TF, a sm (wout, ag Vin,) 3 


D, = 600[0 — (—12.0)] Dy = 7200 N = 7.20 kN 


015-121. The bend is connected to the pipe at flanges A and 
B as shown. If the diameter of the pipe is 1 ft and it carries a 
discharge of 50 ft?/s, determine the horizontal and vertical 
components of force reaction and the moment reaction 
exerted at the fixed base D of the support. The total weight of 
the bend and the water within it is 500 lb, with a mass center at 
point G. The gauge pressure of the water at the flanges at A 
and B are 15 psi and 12 psi, respectively. Assume that no force 
is transferred to the flanges at A and B.The specific weight of 
water is y,, = 62.4 lb/ft®. 


Free-Body Diagram: The free-body of the control volume is shown in Fig. a. The 
force exerted on sections A and B due to the water pressure is 


Fy = P,Ag= 15[2(12") = 1696.46lb and F,= PpAg = 121 Z(12°)| 


= 1357.17lb. The speed of the water at, sections A and B are 
Q_ 50 
VB 
A 7/45 
7) 


63.66 ft/s. Also, the mass flow rate at these two sections 


62.4 
= (S$ )eo = 96.894 slug/s. 
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Steady Flow Equation: The moment steady flow equation will be written about 
point D to eliminate D, and D,. 


dmg dm 4 
dt dvz dt dv 43 


¢ t+IMp = 


Mp + 1357.17 cos 45°(4) — 500(1.5cos 45°) — 1696.46(4) 


= —96.894(4)(63.66 cos 45°) — [—96.894(4)(63.66)] 


Mp = 10 704.35 Ib- ft = 10.7kip: ft 


Writing the force steady flow equation along the x and y axes, 


D,— 500 — 1357.17 sin 45° = 96.894(63.66 sin 45° — 0) 


Dy = 5821.441b = 5.82 kip 


(+ zr. = 2 [(ve)e= (va)eh 


1696.46 — 1357.17 cos 45° — D, = 96.894[63.66 cos 45° — 63.66] 


Dy, = 2543.51 lb = 2.54 kip Ans. 


L's" 63.66 ffs 


F-MeFo4tblb 544 


VU= 43.66 SYs 
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15-122. The gauge pressure of water at C is 40 Ib/in’. If v4 = 12 ft/s 

water flows out of the pipe at A and B with velocities P [. = 25 ft/s 
v4 = 12 ft/s and vg = 25 ft/s, determine the horizontal and iN 

vertical components of force exerted on the elbow : 
necessary to hold the pipe assembly in equilibrium. Neglect 
the weight of water within the pipe and the weight of the 
pipe. The pipe has a diameter of 0.75 in. at C,and at A and B 
the diameter is 0.5 in. y,, = 62.4 Ib/ft?. 


B 


= 2" (25)( (2) - 0.03171 slug/ 
Ap aa IN ag ec 


= 2" (25) (2) = 0.06606 slug/ 
ap ae PON ie ater 


dmc 
= 0.03171 + 0.06606 = 0.09777 slug/s 
vc Ac > vaAg te vpAp 
0375)" 0,25 \7 0.25 \? 
vetm( 5?) = 1209 12 ) t 25(n)( D ) 


vc = 16.44 ft/s 


dmg 
S YF, = dt VB, 


3 
40(a)(0.375)? — F, = 0 — oosini2(2) — 0.09777(16.44) 


F, = 1951b 


dmg 
dt 


+TXF, = 


4 
F, = 0.06606(25) + o.osini(2)q12)-0 


Fy = 1.9559 = 1.96 Ib 


YZ fe, V,=26 ft/s 
4 


| y L 
Ur=10.44 ft/s Fy a 
+» 
FA 


fe = 40[1(0375%)] Ib 
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15-123. A missile has a mass of 1.5 Mg (without fuel). If it 
consumes 500 kg of solid fuel at a rate of 20 kg/s and ejects 
it with a velocity of 2000 m/s relative to the missile, 
determine the velocity and acceleration of the missile at the 
instant all the fuel has been consumed. Neglect air 
resistance and the variation of its weight with altitude. The 
missile is launched vertically starting from rest. 


By referring to the free-body diagram of the missile system in Fig. a, notice that 
the pair of thrust T cancel each other since they are internal to the system. The 
mass of the missile at any instant ¢ after lauch is given’ by 


m= (1500 500) 20t = (2000 201 )kg. Thus, the weight at the same instant 
is W = (2000 — 20r)(9.81). 


dv dm. 
at at” 


Nas cae ame WN I 


(200-20r)(9.81) = (2000 201) © 2000(20) 


dv 2000 
Oe a= (65) 


00 
The time taken for all the fuel to the consumed is tf = 70 7 25 s. Substituting the 


— 
— -_-—-. 


result of ¢ into Eq. (1), 


2000 


= — 2 
@ = Foye ool = 169 myst 


Integrating Eq. (1), 


v 25s 
2000 
dv = 81 |dt 
fe- ff (son7 25) 


25s 


v = (—2000 In(100 — 1)— 9.811) ; 


= 330 m/s 
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*15-124. The rocket has a weight of 65 000 lb including 
the solid fuel. Determine the constant rate at which the fuel 
must be burned so that its thrust gives the rocket a speed of 
200 ft/sin 10 s starting from rest. The fuel is expelled from 
the rocket at a relative speed of 3000 ft/s relative to the 
rocket. Neglect the effects of air resistance and assume that 
g is constant. 


d 
A System That Loses Mass: Here, W = (ma = were, Applying Eq. 15-28, 


we have 


tT SF,=m 


N=69,000 |b 


65 000 
Substitute Eq. [1] with mp = ap ae 2018.63 slug, v pje = 3000 ft/s, v = 200 ft/s 


andt = 10s, we have 


2018.63 
200 = 3000 in 32.2(10) 


2018.63 — (19 


alga 2018.63 
20174 = 


2018.63 — (10 
. aps ) 


me = 32.281 
i slug/s 
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015-125. The 10-Mg helicopter carries a bucket containing 

500 kg of water, which is used to fight fires. If it hovers over 

the land in a fixed position and then releases 50 kg/s of aE 
water at 10 m/s, measured relative to the helicopter, 

determine the initial upward acceleration the helicopter 

experiences as the water is being released. 


dt Pe at 
Initially, the bucket is full of water, hence m = 10(10*) + 0.5(10°) = 10.5(10°) kg 
0 = 10.5(10°)a— (10)(50) 


a = 0.0476 m/s” 


15-126. A plow located on the front of a locomotive 
scoops up snow at the rate of 10 ft?/s and stores it in the 
train. If the locomotive is traveling at a constant speed of 
12 ft/s, determine the resistance to motion caused by the 
shoveling. The specific weight of snow is y, = 6 lb/ft*. 


«2-035 


F = 22.41b 


15-127. The boat has a mass of 180 kg and is traveling 
forward on a river with a constant velocity of 70 km/h, 
measured relative to the river. The river is flowing in the 
opposite direction at 5 km/h. If a tube is placed in the water, 
as shown, and it collects 40 kg of water in the boat in 80 s, 
determine the horizontal thrust T on the tube that is 
required to overcome the resistance due to the water 
collection and yet maintain the constant speed of the boat. 


T = 0 + 19.444(0.5) = 9.72N 
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*15-128. The bin deposits gravel onto the conveyor belt at 
the rate of 1500 lb/min. If the speed of the belt is 5 ft/s, 
determine how much greater the tension in the top portion 
of the belt must be than that in the bottom portion in order 
to pull the belt forward. 


dm, _ (0 Ib 
dt 


d 
A System That Gains Mass: Here, up, = 5 ft/s, = 0 and 


min 


x (SSE) x (BY) = ores ye eiail ite map esiebeoiets 
32.2 Ib 60s . slug/s. Applying Eq. 15-29, we have 


dv dm, 
4b YF, m+ up aes Te T, = 0 + 5(0.7764) 


AT = 3.88 lb 


015-129. The tractor together with the empty tank has a 
total mass of 4 Mg. The tank is filled with 2 Mg of water. 
The water is discharged at a constant rate of 50 kg/s with a 
constant velocity of 5 m/s, measured relative to the tractor. 
If the tractor starts from rest, and the rear wheels provide a 
resultant traction force of 250 N, determine the velocity 
and acceleration of the tractor at the instant the tank 
becomes empty. 


The free-body diagram of the tractor and water jet is shown in Fig. a. The pair of thrust 
T cancel each other since they are internal to the system. The mass of the tractor and 
the tank at any instant tis given by m = (4000 2000) 50t = (6000 501)kg. 


dv dm. 
a6 Pa 


250 = (6000 sor) 5(50) 


HYSF,=m 


dv 10 
oat 104 @ 


2000 
The time taken to empty the tank is t = a 40 s. Substituting the result of ¢ 


into Eq. (1), 


10 
a = ——— = 0.125m/s” 
120-40 


Integrating Eq. (1), 


v 40s 
10 
dv = | dt 
i 9 —:120-+ 
40s 
v = —10In(120 — ¢) 
0 


= 4.05 m/s 
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15-130. The second stage B of the two-stage rocket has a 

mass of 5 Mg (empty) and is launched from the first stage A 

with an initial velocity of 600 km/h. The fuel in the second 

stage has a mass of 0.7 Mg and is consumed at the rate of 

4 kg/s. If it is ejected from the rocket at the rate of 3 km/s, || B |&s = 600 km/h 
measured relative to B, determine the acceleration of B at 

the instant the engine is fired and just before all the fuel is 

consumed. Neglect the effects of gravitation and air 

resistance. 


A System That Loses Mass: At the instant when stage B of rocket is launched, the 
total mass of the rocket is m = 5000 + 5700 kg. Applying Eq. 15-29, we have 


dv dm. 
dees Ae cdiC 


ZF,=m 


d d 
0= (5700) — 3(10°)(4) a= ri = 2.11 m/s? Ans. 


At the instant just before all the fuel being consumed, the mass of the rocket is 
m = 5000 kg. Applying Eq. 15-29, we have 


du dm, 
dt Pat’ 


=F,=m 


0= (5000) — 3(107)(4) a 
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15-131. The 12-Mg jet airplane has a constant speed of v = 950 km/h 

950 km/h when it is flying along a horizontal straight line. <._— 

Air enters the intake scoops S at the rate of 50 m*/s. If the 

engine burns fuel at the rate of 0.4 kg/s and the gas (air and Pa 
fuel) is exhausted relative to the plane with a speed of S 

450 m/s, determine the resultant drag force exerted on the 

plane by air resistance. Assume that air has a constant 


density of 1.22 kg/m3. Hint: Since mass both enters and exits 
the plane, Eqs. 15-28 and 15-29 must be combined to yield. 


12000 (9.81) N 


d 
v = 950 km/h = 0.2639 km/s, : 
VD/E bs 0.45 km/s 
5 
Vpj: = 0.2639 km/s —_ : 


Mm, 


ae 50(1.22) = 61.0 kg/s 


dm 
dt 


<= 0.4 + 61.0 = 61.4kg/s 


Forces T and R are incorporated into Eq. (1) as the last two terms in the equation. 


(+) — Fp = 0 — (0.45)(61.4) + (0.2639)(61) 


Fp = 11.5kN 
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*15-132. The cart has a mass M and is filled with water 
that has a mass mp. If a pump ejects the water through a 
nozzle having a cross-sectional area A at a constant rate 
of vp relative to the cart, determine the velocity of the cart 
as a function of time. What is the maximum speed of the 
cart assuming all the water can be pumped out? The 
frictional resistance to forward motion is F The density of 


the water is p. 
dm, 
VD/e dt 


dv 
F=(M pAvot) ae! (p Avo) 


Ke dt _ f dv 
o M + mo — pAvot 0 pAvg — F 


1 
In(M + = pAvot)+4 
— in mo) = pAvot) & 
CeCe ar 
pAvo : M + mo — pAvot - pA — F 


(—*) ( M+ mo ) 
v= In 
pAvo M + Mo — pAvot 


M9 
Vmax occurs when t = AV? or, 
0 


(oe) 
Ve = In 
pAvo 


e15-133. The truck has a mass of 50 Mg when empty. 
When it is unloading 5 m? of sand at a constant rate of 
0.8 m/s, the sand flows out the back at a speed of 7 m/s, 
measured relative to the truck, in the direction shown. If the 
truck is free to roll, determine its initial acceleration just as 
the sand begins to fall out. Neglect the mass of the wheels 
and any frictional resistance to motion. The density of sand 
is p, = 1520 kg/m’. 


aS” . 
asd 
7Tm/s 


A System That Loses Mass: Initially, the total mass of the truck is 
dm. 
m = 50(10°) + 5(1520) = 57.6(10°) kg and “ = 0.8(1520) = 1216 kg/s. 


Applying Eq. 15-29, we have 


= de = 57.6(103)a—(0.8 cos 45°)(1216 
i. Ube 6( 10°) a—(0.8 cos 45°)(1216) 


a = 0.104 m/s” 
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15-134. The truck has a mass mg and is used to tow the 
smooth chain having a total length / and a mass per unit of 
length m’. If the chain is originally piled up, determine the 
tractive force F that must be supplied by the rear wheels of 
the truck necessary to maintain a constant speed v while the 
chain is being drawn out. 


du dm, ; , 
Ef 0 and FF m'v. Applying 


A System That Loses Mass: Here, up; = v, 
Eq. 15-29, we have 


du \ dm, 
a ape 


SB YFs;=m F = 0+v(m'v) = m'v* 


15-135. The chain has a total length L < d anda mass per 
unit length of m’. If a portion of the chain is suspended 
over the table and released, determine the velocity of its 
end A as a function of its position y. Neglect friction. 


dy 
Since dt = —, we have 
v 


dv 2 
gy= vay. Vv 


Multiply by 2y and integrate: 


d 
[sr dy = [er + 2?) dy 


2 
Ao +C= vy 
2 3 
when v = 0, y = h,so that C = —3Eh 
y? _ he 
y 


CS) 
=o. — 
3 y? 
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*15-136. A commercial jet aircraft has a mass of 150 Mg 
and is cruising at a constant speed of 850 km/h in level flight 
(6 = 0°). If each of the two engines draws in air at a rate of 
1000kg/s and ejects it with a velocity of 900 m/s, relative to 
the aircraft, determine the maximum angle of inclination 6 
at which the aircraft can fly with a constant speed of 
750 km/h. Assume that air resistance (drag) is proportional 
to the square of the speed, that is, Fp = cv’, where c is a 
constant to be determined. The engines are operating with 
the same power in both cases. Neglect the amount of fuel 
consumed. 


Steady Flow Equation: Since the air is collected from a large source (the 
atmosphere), its entrance speed into the engine is negligible. The exit speed of the 
air from the engine is given by 


Ve = Vp + Velp 


When the airplane is in level flight, it has a constant speed of 


= cas an) = 
Vp 85010") mth 236.11m/s. Thus, 


(+) v, = —236.11 + 900 = 663.89 m/s > 


By referring to the free-body diagram of the airplane shown in Fig. a, 


(+ ) SF, = on [(va)s — (va)x]s C(236.117) = 2(1000)(663.89 — 0) 


C = 23.817 kg: s/m 


When the airplane is in the inclined position, it has a constant speed of 


Lh 
Vp = 750(10° a \(-) = 208.33 m/s. Thus, 


Ve = —208.33 + 900 = 691.67 m/s 


By referring to the free-body diagram of the airplane shown in Fig. b and using the 
result of C, we can write 


\tiFy = om [(ve)e — (va)e]s — 23.817(208.332) + 150(10°)(9.81)sin 8 
= 2(1000)(691.67 — 0) 


@ = 13.7° 
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¢15-137. A coil of heavy open chain is used to reduce the 
stopping distance of a sled that has a mass M and travels at 
a speed of vp. Determine the required mass per unit length 
of the chain needed to slow down the sled to (1/2)v, within 
a distance x = s if the sled is hooked to the chain at x = 0. 
Neglect friction between the chain and the ground. 


Observing the free-body diagram of the system shown in Fig. a, notice that the pair 
of forces EF, which develop due to the change in momentum of the chain, cancel each 


other since they are internal to the system. Here, vp), = v since the chain on the 


dm 
ground is at rest. The rate at which the system gains mass is i = m'v and the 


mass of the system is m = m'x + M. Referring to Fig. a, 


(+ )zF, =m 


; dx dx 
Since —— = vor dt = —, 
dt v 


an Jas 
mx+M 


: . Soe 1 
Integrating using the limit v = vp atx = Oandv = 2 Vo atx =s, 


1 
2% Yq Ss , 
ve = V o \m'x+M 


Ly 


= In(m'x + M)| 


z Ss 
1n v| 
vo 0 
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15-138. The car is used to scoop up water that is lying in a 
trough at the tracks. Determine the force needed to pull the 
car forward at constant velocity v for each of the three 
cases. The scoop has a cross-sectional area A and the 
density of water is p,,. 


Se eee are 


(a) 


The system consists of the car and the scoop. In all cases 


dv dm, 
dt Pleat 


=F,=m 


F = 0 ~ v(p)(A) v 


F=vpaA 


15-139. A rocket has an empty weight of 500 lb and 
carries 300 Ib of fuel. If the fuel is burned at the rate of 
1.5 lb/s and ejected with a velocity of 4400 ft/s relative to 
the rocket, determine the maximum speed attained by the 
rocket starting from rest. Neglect the effect of gravitation 
on the rocket. 


dm, 
V Die dt 


dm, 


Ata time t,m = mo — ct, where c = i 


. In space the weight of the rocket is zero. 
dv 
0 = (m — ct) — Vpje€ 
Uv t CVD/e 
[ow- [Sle 
0 0 Mo — ct 


= dig| oe 1 
ae [1] 


The maximum speed occurs when all the fuel is consumed, that is, when 
300 

t= = 20s. 
15 


Here, mp = 355° = 24.8447 slug, c = 355 = 0.4658 slug/s, vpj. = 4400 ft/s. 


Substitute the numerical into Eq. [1]: 


Vmax = 4400 in( 


24.8447 ) 
24.8447 — (0.4658(20)) 


Vmax = 2068 ft/s 
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*15-140. Determine the magnitude of force F as a function 
of time, which must be applied to the end of the cord at A to 
raise the hook H with a constant speed v = 0.4 m/s. Initially 
the chain is at rest on the ground. Neglect the mass of the 
cord and the hook. The chain has a mass of 2 kg/m. 


dv 


—_—= = vt 
dt aes 


dv dm ; 
PSF, =m + Vpg ( Pe) 


F — mgvt = 0 + v(mv) 
F = m(gvt + v’) 
= 2[9.81(0.4)t + (0.4)] 


F = (7.85t + 0.320) N 


°15-141. The earthmover initially carries 10 m° of sand 
having a density of 1520kg/m>. The sand is unloaded 
horizontally through a 2.5-m? dumping port P at a rate of 
900 kg/s measured relative to the port. If the earthmover 
maintains a constant resultant tractive force F = 4 kN at its 
front wheels to provide forward motion, determine its 
acceleration when half the sand is dumped. When empty, 
the earthmover has a mass of 30 Mg. Neglect any resistance 
to forward motion and the mass of the wheels. The rear 
wheels are free to roll. 


When half the sand remains, 


1 
m = 30.000 + 5 (10)(1520) = 37 600 kg 


dm 
AE = 900 kg/s =p VpjeA 


900 = 1520(vp,2)(2.5) 


Vpje = 9.237 m/s 


F = 37600(0.1) — 900(0.237) 


F = 3.55kN 
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15-142. The earthmover initially carries 10 m* of sand 
having a density of 1520kg/m>. The sand is unloaded 
horizontally through a 2.5-m* dumping port P at a rate of 
900 kg/s measured relative to the port. Determine the 
resultant tractive force F at its front wheels if the acceleration 
of the earthmover is 0.1 m/s” when half the sand is dumped. 
When empty, the earthmover has a mass of 30 Mg. Neglect 
any resistance to forward motion and the mass of the wheels. 
The rear wheels are free to roll. 


When half the sand remains, 


1 
m = 30.000 + +(10)(1520) = 37 600 kg 


dm 


“dt 900 kg/s — PYD/e A 


= 1520(vp,.)(2.5) 


= 0.237 m/s 


F = 37 600(0.1) — 900(0.237) 


F = 3.55kN 
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15-143. The jet is traveling at a speed of 500 mi/h, 30° 
with the horizontal. If the fuel is being spent at 3 lb/s, and 
the engine takes in air at 400 Ib/s, whereas the exhaust gas 
(air and fuel) has a relative speed of 32 800 ft/s, determine 
the acceleration of the plane at this instant. The drag 
resistance of the air is Fp = (0.7v") lb, where the speed is 
measured in ft/s. The jet has a weight of 15 000 lb. Hint: See 
Prob. 15-131. 


i _ 400 
saga 12.42 slug/s 


dm. 403 
ie ao 12.52 slug/s 


V = Vp; = 500 mi/h = 733.3 ft/s 


dv dm, dm, 


I 
1 


at le aye YP at 


M4 2F, = m 


15 000 dv 


—(15 000) sin 30° — 0.7(733.3)2 = 
( sin ORB) ao ai 


— 32 800(12.52) + 733.3(12.42) 


d 
; = 375 ft/s? 
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*15-144. The rocket has an initial mass mo, including the 
fuel. For practical reasons desired for the crew, it is required 
that it maintain a constant upward acceleration ay. If the 
fuel is expelled from the rocket at a relative speed v,/, 
determine the rate at which the fuel should be consumed to 
maintain the motion. Neglect air resistance, and assume that 
the gravitational acceleration is constant. 


VD/e dt 


dm 
Velr at 


mg = mao 


dm 
Velo = (ao + g) at 


Since v_,,is constant, integrating, with ¢ = 0 when m = my yields 


m 
V./- ln(—) = (ao + g)t 
jrIn() = (ao + 8) 


IP = gl(aoteyvenlt 


mo 


The time rate of fuel consumption is determined from Eq. (1). 


dm __ (a + 8) 
sates m —) 


Ve/r 


ay + 
= mite : 8). lat even 


Ve/r 


Note: v,, must be considered a negative quantity. 
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015-145. If the chain is lowered at a constant speed, 
determine the normal reaction exerted on the floor as a 
function of time. The chain has a weight of 5 lb/ft and a total 
length of 20 ft. 


At time ¢, the weight of the chain on the floor is W = mg(vt) 


d 
oF = 0, m; = m(vt) 


dv dm; 
=, m 1 


dt Plt at 


R — mg(vt) = 0 + v(mv) 
R = m(gvt + v’) 


5 


R= 92 


(32.2(4)(0) + (4)’) 


R = (20t + 2.48) Ib 
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R1-1. The ball is thrown horizontally with a speed of 
8 m/s. Find the equation of the path, y = f(x), and then 
determine the ball’s velocity and the normal and tangential 
components of acceleration when t = 0.25 s. 


Horizontal Motion: The horizontal component of velocity is v, = 8 m/s and the 
initial horizontal position is (so), = 0. 


(+) Sy = (So)x + (Vo)xt 
x=0+ 8 [1] 


Vertical Motion: The vertical component of initial velocity (vo), = 0 and the initial 
vertical position are (9), = 0. 


(+1) 8) = oly + Condy Fay? 


1 
y=0+0+ 7 (-98he 


Eliminate t from Eqs. [1] and [2] yields 


y = —0.0766x? 


The vertical component of velocity when tf = 0.25 s is given by 


CET) Vy 7 (vo), + (a.)yt 


v, = 0 + (—9.81)(0.25) = —2.4525 m/s = 2.4525 m/s | 


The magnitude and direction angle when ¢t = 0.25 s are 


v= Vour + v2 = V8" + 2.4525? = 8.37 m/s 


“41 _1 2.4525 
6 = tan = tan 
Uy 


= 17.04° = 17.0° SG Ans. 


Since the velocity is always directed along the tangent of the path and the 
acceleration a = 9.81 m/s” is directed downward, then tangential and normal 
components of acceleration are 


a, = 9.81 sin 17.04° = 2.88 m/s” Ans. 


Gy = 9.81 cos 17.04° = 9.38 m/s” Ans. 
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R1-2. Cartons having a mass of 5 kg are required to move 
along the assembly line with a constant speed of 8 m/s. 
Determine the smallest radius of curvature, p, for the 
conveyor so the cartons do not slip. The coefficients of static 
and kinetic friction between a carton and the conveyor are 
bs = 0.7 and pu, = 0.5, respectively. 


+1 SF, = Map; 


R1-3. A small metal particle travels downward through a 
fluid medium while being subjected to the attraction of a 


magnetic field such that its position is s = (15 — 3¢) mm, 
where ¢ is in seconds. Determine (a) the particle’s 
displacement from t = 2s to t = 4s, and (b) the velocity 
and acceleration of the particle when t = 5s. 


a) s = 15t3 — 3¢ 
Att = 2s,5, = 114mm 


Att = 4s, s; = 948 mm 


As = 948 — 114 = 834mm 


3 = 1122 mm/s = 1.12 m/s 
t=5 


= 450 mm/s” = 0.450 m/s” 
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*R1-4. The flight path of a jet aircraft as it takes off is 
defined by the parametric equations x = 1.25t? and 
y = 0.0317, where tf is the time after take-off, measured in 
seconds, and x and y are given in meters. If the plane starts 
to level off at t = 40s, determine at this instant (a) the 
horizontal distance it is from the airport, (b) its altitude, 
(c) its speed, and (d) the magnitude of its acceleration. 


Position: When ¢ = 40 s, its horizontal position is given by 


x = 1.25(40?) = 2000 m = 2.00 km 


and its altitude is given by 


y = 0.03(40°) = 1920 m = 1.92 km 
Velocity: When t = 40 s, the horizontal component of velocity is given by 
vy = X= 2.50t|,-495 = 100 m/s 
The vertical component of velocity is 
vy = y = 0.091|,-495 = 144 m/s 


Thus, the plane’s speed at t = 40s is 


vy = Vu? + v2 = V'100? + 144? = 175 m/s 
Acceleration: The horizontal component of acceleration is 
a, = ¥ = 2.50 m/s” 


and the vertical component of acceleration is 


ay = ¥ = 0.18449, = 7.20 m/s? 


Thus, the magnitude of the plane’s acceleration at t = 40s is 


a= Var + a = V250? + 7.20? = 7.62 m/s 
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R1-5. The boy jumps off the flat car at A with a velocity of 
v' = 4ft/s relative to the car as shown. If he lands on the 
second flat car B, determine the final speed of both cars 
after the motion. Each car has a weight of 80 Ib. The boy’s 
weight is 60 lb. Both cars are originally at rest. Neglect the 
mass of the car’s wheels. 


Relative Velocity: The horizontal component of the relative velocity of the boy with 


12 
respect to the car A is (Up/4)x = (2) = 3.692 ft/s. Thus, the horizontal 


component of the velocity of the boy is 


(v,)x =v,gt (vpya)x 


(+) (vy), = —v4 + 3.692 (1 


Conservation of Linear Momentum: If we consider the boy and the car as a system, ’ NE de 
: ; : ry pyle 22/10 ft/s 
then the impulsive force caused by traction of the shoes is internal to the system. 
Therefore, they will cancel out. As the result, the linear momentum is conserved 
along x axis. For car A 


0 = my(v5)y + Mav, 


(+) 0= Gao Ga va) 


Solving Eggs. [1] and [2] yields 


va, = 1.58 ft/s 
(vz), = 2.110 ft/s 
For car B 


my (Up)x = (Mp + mg)vp 


(+) (Seno = Gar 


vp = 0.904 ft/s 
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R1-6. The man A has a weight of 175 lb and jumps from 
rest at a height 4 = 8 ft onto a platform P that has a weight 
of 60 lb. The platform is mounted on a spring, which has a 
stiffness k = 200 lb/ft. Determine (a) the velocities of A 
and P just after impact and (b) the maximum compression 
imparted to the spring by the impact. Assume the coefficient 
of restitution between the man and the platform is e = 0.6, 
and the man holds himself rigid during the motion. 


Conservation of Energy: The datum is set at the initial position of platform P. When 
the man falls from a height of 8 ft above the datum, his initial gravitational potential 
energy is 175(8) = 1400 ft-lb. Applying Eq. 14-21, we have 


T+V,=T%) + Vz 


1/175 
0 + 1400 = ( Jom? 


2 \ 32.2 


(vy) = 22.70 ft/s 
Conservation of Momentum: 


my (Uy)i + Mp(vp) = My(vy)2 + Mp(Vp) 
(+1) (35) e270) +0= (Jews + (Sem 


Coefficient of Restitution: 


= (vp)2 — (vm)2 


= (um) — (vp) 


_ (vp)2 7 (up)2 


cy) as 22.70 — 0 


Solving Eggs. [1] and [2] yields 
(vp)2 = 27.04 ft/s | = 27.0 ft/s ) = (umn = 13.4 ft/s J Ans. 
Conservation of Energy: The datum is set at the spring’s compressed position. 
60 
Initially, the spring has been compressed 300 > 0.3 ft and the elastic potential 


1 
energy is 3 (200) (0.37) = 9.00 ft-lb. When platform P is at a height of s above the 
datum, its initial gravitational potential energy is 60s. When platform P stops 


momentary, the spring has been compressed to its maximum and the elastic 


1 
potential energy at this instant is 7 (200)(s + 0.3)? = 100s” + 60s + 9. Applying 
Eq. 14-21, we have 


T, + V, = T, + V2 


1/ 60 
+(33) (27.04) + 60s + 9.00 = 100s? + 60s + 9 


2 \ 32.2 


s = 2.61 ft 
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R1-7. The man A has a weight of 100 lb and jumps from 
rest onto the platform P that has a weight of 60 1b. The 
platform is mounted on a spring, which has a stiffness 
k = 200 lb/ft. If the coefficient of restitution between the 
man and the platform is e = 0.6, and the man holds himself 
rigid during the motion, determine the required height h of 
the jump if the maximum compression of the spring is 2 ft. 


Conservation of Energy: The datum is set at the initial position of platform P. When 
the man falls from a height of h above the datum, his initial gravitational potential 
energy is 100h. Applying Eq. 14-21, we have 


T, + Vi = TI,+ VW 


_ 1/100 S, 
0 + 100h +(e 


(vi) Soy 64.4h 


Conservation of Momentum: 


my (vy) + mp (vp), = my (vmy)2 + mp (up)2 


(+1) (Se evens 1 0= (3 eons | & Jens 


32.2 32.2 32.2 


Coefficient of Restitution: 
(Up)2 s (vm)2 
*~ (i ~ pi 
(vp)2 = (vmy)2 
~ -V64.4h — 0 
Solving Eggs. [1] and [2] yields 


(v,)2 = V644h 1 (uy)2 = 0.4V'64.4h | 


(+1) 


Conservation of Energy: The datum is set at the spring’s compressed position. 


60 
Initially, the spring has been compressed 300 > 0.3 ft and the elastic potential 


energy is : (200) (0.37) = 9.00 ft - lb. Here, the compression of the spring caused by 
impact is (2 — 0.3) ft = 1.7 ft. When platform P is at a height of 1.7 ft above the 
datum, its initial gravitational potential energy is 60(1.7) = 102 ft-lb. When 
platform P stops momentary, the spring has been compressed to its maximum and 
the elastic potential energy at this instant is 5 (200)(22) = 400 ft- 1b. Applying 
Eq. 14-21, we have 


T+V,=T) + V2 


)(veaany + 102 + 9.00 = 400 


h = 4.82 ft 


484 


91962_05_R1_p0479-0512 6/5/09 3:53 PM Page 485 


o 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*R1I-8. The baggage truck A has a mass of 800 kg and is 
used to pull each of the 300-kg cars. Determine the tension 


in the couplings at B and C if the tractive force F on the 
truck is F = 480 N. What is the speed of the truck when 


t = 2s, starting from rest? The car wheels are free to roll. 
Neglect the mass of the wheels. 


SYF.=ma,; 480 = [800 + 2(300)]a 
a = 0.3429 m/s” 

(4) v=v + act 

v = 0 + 0.3429(2) = 0.686 m/s 


3 3F,=ma,; Tg = 2(300)(0.3429) 


Tp = 205.71 = 206N Ans, 


4 YF, = ma,; Tc = (300)(0.3429) 


Tc = 102.86 = 103 N 


300(9.81)N 


300F-6I)N ay. 0:34.29 mls 
— 


R1-9. The baggage truck A has a mass of 800 kg and is 
used to pull each of the 300-kg cars. If the tractive force F 


on the truck is F = 480 N, determine the acceleration of 
the truck. What is the acceleration of the truck if the 


coupling at C suddenly fails? The car wheels are free to roll. 
Neglect the mass of the wheels. 


3 YF.=ma,; 480 = [800 + 2(300)]a 
a = 0.3429 = 0.343 m/s” 
=ma,; 480 = (800 + 300)a 


a = 0.436 m/s” 


485 


91962_05_R1_p0479-0512 6/5/09 3:53 PM Page 486 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


R1-10. A car travels at 80 ft/s when the brakes are 
suddenly applied, causing a constant deceleration of 
10 ft/s’. Determine the time required to stop the car and 
the distance traveled before stopping. 


=vo + at 
80 + (—10)t 
t= 8s 


v= vo + 2a, (s — 59) 


0 = (80)? + 2(—10)(s — 0) 


s = 320 ft 


R1-11. Determine the speed of block B if the end of the 
cable at C is pulled downward with a speed of 10 ft/s. What 
is the relative velocity of the block with respect to C? 


3sp + Sc=l 
3vB = = VG 
3vpz = —(10) 


vp = —3.33 ft/s = 3.33 ft/s T 


(+1) VB = Vo + VBic 


—3.33 = 10 + pic 


vac = —13.3 ft/s = 13.3 ft/s 7 
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*RI1-12. The skier starts fom rest at A and travels down 
the ramp. If friction and air resistance can be neglected, 
determine his speed vg when he reaches B. Also, compute 
the distance s to where he strikes the ground at C, if he 
makes the jump traveling horizontally at B. Neglect the 
skier’s size. He has a mass of 70 kg. 


Potential Energy: The datum is set at the lowest point B. When the skier is at point 
A, he is (50 — 4) = 46 m above the datum. His gravitational potential energy at this 
position is 70(9.81) (46) = 31588.2 J. 


Conservation of Energy: Applying Eq. 14-21, we have 


T, fe Va = Tz oe Vp 
1 2 
0 + 31588.2 = 2 (70) vz 


vg = 30.04 m/s = 30.0 m/s 


Kinematics: By considering the vertical motion of the skier, we have 


(+1) 55 = (Soy + (oy + 5 (Gay? 


1 
4+ ssin30°=0+0+ 7 (981) ie 


By considering the horizontal motion of the skier, we have 
(+) SoS (50)x +uyt 


scos 30° = 0 + 30.04t 


Solving Eggs. [1] and [2] yields 
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R1-13. The position of a particle is defined by 
r = {5(cos 2t)i + 4(sin 2t)j} m, where ¢ is in seconds and 
the arguments for the sine and cosine are given in radians. 
Determine the magnitudes of the velocity and acceleration 
of the particle when ¢ = 1s. Also, prove that the path of the 
particle is elliptical. 


Velocity: The velocity expressed in Cartesian vector form can be obtained by 
applying Eq. 12-7. 


d 
v= 7 = {-10 sin 2ri + 8 cos 2rj} m/s 


When ¢ = 1s, v = —10sin 2(1)i + 8 cos 2(1) j = (—9.093i — 3.329j} m/s. Thus, the 
magnitude of the velocity is 


v= Vit v2 = V(—9.093) + (—3.329)? = 9.68 m/s Ans. 


Acceleration: The acceleration express in Cartesian vector form can be obtained by 
applying Eq. 12-9. 


d 
a= os = {20 cos 2ri — 16 sin 27j} m/s” 
When ¢ = 1s, a = —20cos 2(1) i — 16 sin 2(1) j = {8.3231 — 14.549j} m/s”. Thus, 
the magnitude of the acceleration is 


a= Vat + a = V8.323? + (-14.549)? = 16.8 m/s? Ans. 


Travelling Path: Here, x = 5 cos 2t and y = 4 sin 2t. Then, 


2 
Fe = cos* 2t 


Adding Eqs [1] and [2] yields 


vr 
35 + 16 = cos’ 2r + sin’ 2r 


However, cos* 2r + sin? 2t = 1. Thus, 


= 1 (Equation of an Ellipse) 


y 
16 
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R1-14. The 5-lb cylinder falls past A with a speed 
v4 = 10 ft/s onto the platform. Determine the maximum 
displacement of the platform, caused by the collision. The 
spring has an unstretched length of 1.75 ft and is originally 
kept in compression by the 1-ft-long cables attached to the 
platform. Neglect the mass of the platform and spring and 
any energy lost during the collision. 


Potential Energy: Datum is set at the final position of the platform. When the 
cylinder is at point A, its position is (3 + s) above the datum where s is the maximum 
displacement of the platform when the cylinder stops momentary. Thus, its 
gravitational potential energy at this position is 5(3 + s) = (15 + 5s) ft-lb. The 


1 
initial and final elastic potential energy are 5 (400) (1.75 — 1)? = 112.5 ft-lb and 


1 
3 (400) (s + 0.75) = 200s* + 300s + 112.5, respectively. 


Conservation of Energy: Applying Eq. 14-22, we have 


ST; + DVS STH SV, 


( 2 Je" + (15 + Ss) + 112.5 = 0 + 200s? + 300s 


2 \32.2 


s = 0.0735 ft 


v4 = 10 ft/s | 


ue 


k = 400 Ib /ft 


R1-15. The block has a mass of 50 kg and rests on the 
surface of the cart having a mass of 75 kg. If the spring 
which is attached to the cart and not the block is 
compressed 0.2m and the system is released from rest, 
determine the speed of the block after the spring becomes 


undeformed. Neglect the mass of the cart’s wheels and the 
spring in the calculation. Also neglect friction. Take 
k = 300 N/m. 


+V=T+V; 


+ O] + 5 (300)(0.2) = : (50) vz + 5 (75) v2 


= 50 vz + 75 v2 
(4) =my, = Umv2 
0+ 0=50v, - 75 Vv, 
= 1.5v, 
0.253 m/s <— 


= 0.379 m/s > 
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*R1-16. The block has a mass of 50 kg and rests on the 
surface of the cart having a mass of 75 kg. If the spring 
which is attached to the cart and not the block is 
compressed 0.2m and the system is released from rest, 
determine the speed of the block with respect to the cart 
after the spring becomes undeformed. Neglect the mass of 
the cart’s wheels and the spring in the calculation. Also 
neglect friction. Take k = 300 N/m. 


T+ V,=Th)+ Vy 


[0 + 0] + 5 (300)(0.2) = 5 (50)¥3 + 5 (75) v2 


12 = SO vz + 75 v2 
(4) rmy, = Umv2 
0+ 0=50v, —- 75 v, 
vy = 15, 
v. = 0.253 m/s <— 
vp = 0.379 m/s > 
Vp = Ve + YVbje 
0.379 = —0.253 + Vp 


Vpje = 0.632 m/s > 
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R1-17. A ball is launched from point A at an angle of 30°. 
Determine the maximum and minimum speed vy it can 
have so that it lands in the container. 


Min. speed: 


(+) S = So + vot 


2.5 = 0 + v4 cos 30°t 


L 2 
So + Vo t Ti tet 


1 
= 14 vysin30% — 7 O81e 


Solving 


t = 0.669 s 


va = (Va)min = 4-32 m/s 


Max. speed: 


(+) S = So + Vot 


4=0+ vy,cos 30° 


+f ee eerie 
( D 


1 
0.25 = 1+ v,4sin30°¢ — 7 Osher 


Solving: 
t = 0.790 s 


Va = (Va)max = 5.85 m/s 
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R1-18. At the instant shown, cars A and B travel at speeds 
of 55 mi/h and 40 mi/h, respectively. If B is increasing its 
speed by 1200 mi/h’, while A maintains its constant speed, 
determine the velocity and acceleration of B with respect to 
A. Car B moves along a curve having a radius of curvature 
of 0.5 mi. 


vg = —40 cos 30°% + 40 sin 30°j = {—34.64i + 20j} mi/h 
v4 = {—55i} mi/h 


VB/A — YB — VA 


= (—34.64i + 20j) — (—55i) = {20.361 + 20j} mi/h 


vpja = V 20.36" + 20° = 28.5 mi/h 


20 
0= tan'(529-) = 445° 4 


ve 402 
(ap), = — = og 7 3200 mi/h? (ag); = 1200 mi/h? 
p : 


ag = (3200 sin 30° — 1200 cos 30°)i + (3200 cos 30° + 1200 sin 30°)j 
= {560.77i + 3371.28j} mi/h? 

a,=0 

ag = a, t+ apy, 

560.771 + 3371.28] = 0 + aga 


apa = {560.771 + 3371.28j} mi/h? 


api, = V (560.77) + (3371.28)? = 3418 mi/h? = 3.42 (10°) mi/h? 


care (Saris 
560.77 


) = 80.6° 4 
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R1-19. At the instant shown, cars A and B travel at speeds 
of 55 mi/h and 40 mi/h, respectively. If B is decreasing its 
speed at 1500 mi/h* while A is increasing its speed at 
800 mi/h?, determine the acceleration of B with respect to 
A. Car B moves along a curve having a radius of curvature 
of 0.75 mi. 


_ vp _ (40) 
(4B)n = p _ 0.75 


= 2133.33 mi/h? 

ap =ayrt aB/A 

2133.33 sin 30° + 2133.33 cos 30°j + 1500 cos 30° — 1500 sin 30°j 
= —8001 + (apja)xi + (@pya)yj 


(+) 2133.33 sin 30° + 1500 cos 30° = —800 + (ap/4)x 


(ap/a)x = 3165.705 = 
= om h” 
(+1) 2133.33 cos 30° — 1500 sin 30° = (agy,)y Cr) 150 / 


(apya)y = 1097.521 T 


(apy) = V(1097.521)? + (3165.705)? 


apa = 3351 mi/h? = 3.35 (10°) mi/h? 


ee e= 


we | Sees 


493 


91962_05_R1_p0479-0512 6/5/09 3:54 PM Page 494 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*R1-20. Four inelastic cables C are attached to a plate P 
and hold the 1-ft-long spring 0.25 ft in compression when 
no weight is on the plate. There is also an undeformed 
spring nested within this compressed spring. If the block, 
having a weight of 10 lb, is moving downward at v = 4 ft/s, 
when it is 2 ft above the plate, determine the maximum 
compression in each spring after it strikes the plate. 
Neglect the mass of the plate and springs and any energy ft 
lost in the collision. 


k = 30 Ib/in. 


k = 30(12) = 360 lb/ft k’ = 50 Ib/in. 
P 


k’ = 50(12) = 600 Ib/ft 


Assume both springs compress; 


T+ V,=T%) + Vz 


1 
5 ( 


=a)? +04 5 (360)(0.25) =O+ 5 (360)(s + 0.25)? + 5 (600)(s — 0.25)’ — 10(s + 2) 


13.73 = 180(s + 0.25) + 300(s — 0.25)* — 10s — 20 (1) 


33.73 = 180(s + 0.25)? + 300(s — 0.25)? — 10s 
480s? — 70s — 3.73 = 0 

Choose the positive root; 

s = 0.1874 ft < 0.25 ft 


The nested spring does not deform. 


Thus Eq. (1) becomes 


13.73 = 180(s + 0.25)? — 10s — 20 
180 s* + 805 — 22.48 = 0 


s = 0.195 ft 
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R1-21. Four inelastic cables C are attached to plate P and 
hold the 1-ft-long spring 0.25 ft in compression when no 
weight is on the plate. There is also a 0.5-ft-long undeformed 
spring nested within this compressed spring. Determine the 
speed v of the 10-lb block when it is 2 ft above the plate, so 
that after it strikes the plate, it compresses the nested 
spring, having a stiffness of 50 lb/in., an amount of 0.20 ft. 
Neglect the mass of the plate and springs and any energy ft 
lost in the collision. 


k = 30 Ib/in. 


k’ = 50 Ib/in. 
k = 30(12) = 360 lb/ft 


k’ = 50(12) = 600 Ib/ft 


T, + Vi = TI, + VW 


+(a) + 5 (360)(0.25) = 5 (360)(0.25 + 0.25 + 0.20) 4 5 (600)(0.209° — 10(2 + 0.25 + 0.20) 


32.2 


v = 20.4 ft/s Ans. 


R1-22. The 2-kg spool S fits loosely on the rotating 
inclined rod for which the coefficient of static friction is 
bs = 0.2. If the spool is located 0.25 m from A, determine 
the minimum constant speed the spool can have so that it 
does not slip down the rod. 


+ YF, = ma,; n,(2) 


(3) 


+TSF, = may; ; ) 2(9.81) = 0 


(aa) 


N, = 21.3N 


v = 0.969 m/s 
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R1-23. The 2-kg spool S fits loosely on the rotating inclined 
rod for which the coefficient of static friction is w, = 0.2. If 
the spool is located 0.25 m from A, determine the maximum 
constant speed the spool can have so that it does not slip up 
the rod. 


3 4 v 

a = ; 

A= mas ni(3) + 02n(3) =2(¢5) 
4 3 

+TSF, = may; n,(2) oan, (2) 2(9.81) = 0 


N, = 28.85 N 


v = 1.48 m/s 


*R1-24. The winding drum D draws in the cable at an 
accelerated rate of 5 m/s’. Determine the cable tension if 
the suspended crate has a mass of 800 kg. 


Sat 2spal 


a, — 2ap 


5= — 2ap 


ap = —2.5 m/s? = 2.5 m/s? 7 


+1 ZF, = ma 2T — 800(9.81) = 800(2.5) 


ys 


T = 4924N = 4.92 kN 


8009.81) N 


496 


91962_05_R1_p0479-0512 6/5/09 3:54 PM Page 497 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


R1-25. The bottle rests at a distance of 3 ft from the center 
of the horizontal platform. If the coefficient of static friction 
between the bottle and the platform is w, = 0.3, determine 
the maximum speed that the bottle can attain before 
slipping. Assume the angular motion of the platform is 
slowly increasing. 


Since the bottle is on the verge of slipping, then Fy = uw, N = 0.3W. 


Ww v 
DF, = : E =(——}l = 
, = ma, 0.3W (S)(5) 


v = 5.38 ft/s 


R1-26. Work Prob. R1-25 assuming that the platform 
starts rotating from rest so that the speed of the bottle is 
increased at 2 ft/s”. 


Applying Eq. 13-8, we have 
LF, = 0; N-W=0 N=W 


Since the bottle is on the verge of slipping, then Fy = uw, N = 0.3W. 


LF, = ma, ; 0.3W sin @ = Gao 


=F, = ma, 0.3W cos 6 = (% 


Solving Eggs. [1] and [2] yields 
v = 5.32 ft/s 


6 = 11.95° 
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R1-27. The 150-lb man lies against the cushion for which 
the coefficient of static friction is w, = 0.5. Determine the 
resultant normal and frictional forces the cushion exerts on 
him if, due to rotation about the z axis, he has a constant 
speed v = 20 ft/s. Neglect the size of the man. Take 
0 = 60°. 


150 (20° 
aN SF, = m(an)y 5 N — 150 cos 60° = 322 (=) sin 60° 


N = 2771b 


; 150 (207 
+ = ° _ + jo if bed 
YIF, = m(a,),; F + 150 sin 60 a 5 ) eos 60 


F = 13.41b 


Note: No slipping occurs 


Since pw, N = 138.4 1b > 13.4 1b 


*R1-28. The 150-lb man lies against the cushion for which 
the coefficient of static friction is u, = 0.5. If he rotates 
about the z axis with a constant speed v = 30 ft/s, determine 
the smallest angle 6 of the cushion at which he will begin to 
slip up the cushion. 


32.2\ 8 


30)° 
= may; 0.5N eos + Nsino = 20/4 ) 


0; —150 + Ncosé—0.5 N sin@ = 0 


150 
cos 86 — 0.5 sin 6 


(0.5 cos@ + sin@)150 150 (*) 
(cos 9 — 0.5 sin 6) 32.2\ 8 


0.5 cos 6 + sin 6 = 3.493 79 cos 6 — 1.746 89 sin 8 


6 = 47.5° 
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R1-29. The motor pulls on the cable at A with a force 
F = (30 + £°) lb, where ¢ is in seconds. If the 34-lb crate is 
originally at rest on the ground when ¢ = 0, determine its 
speed when ¢ = 4s. Neglect the mass of the cable and 
pulleys. Hint: First find the time needed to begin lifting 
the crate. 


30 + 1° = 34 
t = 2s for crate to start moving 
(+1) my, + » | rat = mv, 


34 
32.2 


v2 


4 
O+ (30 + f)dt — 34(4 - 2) = 
2 


1 
30t 4 
[ 3 


v, = 10.1 ft/s 


R1-30. The motor pulls on the cable at A with a force 
F = (e*) lb, where t¢ is in seconds. If the 34-lb crate is 
originally at rest on the ground when ¢t = 0, determine the 
crate’s velocity when t = 2s. Neglect the mass of the cable 
and pulleys. Hint: First find the time needed to begin lifting 
the crate. 


F =e” = 34 


t = 1.7632 s for crate to start moving 


(+1) mo + & | Fede = my 


2 34 
o+ f e?' dt — 34(2 — 1.7632) = —~v 
1.7632 ( )= 399" 


1 2 
=e?! — 8.0519 = 1.0559 v> 
2 1.7632 


V2 = 2.13 ft/s 
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R1-31. The collar has a mass of 2 kg and travels along the 
smooth horizontal rod defined by the equiangular spiral 
r = (e) m, where @ is in radians. Determine the tangential 
force F and the normal force N acting on the collar 
when 6 = 45°, if force F maintains a constant angular motion 


@ = 2rad/s. 


At 6 = 45° 
6 = 2rad/s 
0=0 
r = 2.1933 m 
r = 438656 m/s 


7 = 8.7731 m/s” 


r (0)° = 8.7731 — 2.1933(2)? = 0 


= r+ 27+ =0 + 2(4.38656)(2) = 17.5462 m/s” 


tan = ——~ = e%/e9 = 1 


a) 


w= 0 = 45° 
78 —N, cos 45° + F cos 45° = 2(0) 
=mMag; F sin 45° + Ng sin 45° = 2(17.5462) 
N = 248N 


F =248N 
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*R1-32. The collar has a mass of 2 kg and travels along the 
smooth horizontal rod defined by the equiangular spiral 
r = (e°) m, where @ is in radians. Determine the tangential 
force F and the normal force N acting on the collar when 
6 = 90°, if force F maintains a constant angular motion 
6 = 2rad/s. 


At 6 = 90° 
§ = 2rad/s 
0=0 
r = 4.8105 m 
r = 9.6210 m/s 


19.242 m/s” 


r(8)? = 19.242 — 4.8105(2)? = 0 


) + 270 = 0 + 2(9.6210)(2) = 38.4838 m/s? 


tan wy = = e/e® =1 


a) 


b= 0 = 45° 
+7 SF =ma;,; —N cos 45° + F cos 45° = 2(0) 
4 3SF,=maj;  F sin 45° + N sin 45° = 2(38.4838) 
N, = 544N 


F=544N 
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R1-33. The acceleration of a particle along a straight line is 
defined by a = (2t — 9) m/s’, where f is in seconds. When 
t = 0, s = 1m and v = 10m/s. When t = 9s, determine 
(a) the particle’s position, (b) the total distance traveled, and 
(c) the velocity. Assume the positive direction is to the right. 


a = (2t — 9) 


dv = adt 


v t 
fae fe-oa 
10 0 


v-10=f — 9 


v=r- 9% +10 


ds = vat 


Ss t 
fase [(@-9 
1 0 
1 


1==P - 4577 
, 3 


Note v = Oat?? — 91 + 10 =0 


t = 1.298s andt = 7.702s 
Att = 1.298s,s = 7.127 m 
Att = 7.702 s,s = —36.627m 


Att = 9s,s = —30.50m 
a) s = —30.5m 


b) Stop = (7.127 — 1) + 7.127 + 36.627 + (36.627 — 30.50) = 56.0m 


c) v9 = (9)? — 9(9) + 10 = 10 m/s 
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R1-34. The 400-kg mine car is hoisted up the incline using 
the cable and motor M. For a short time, the force in the 
cable is F = (3200r’) N, where f is in seconds. If the car has 
an initial velocity v; = 2m/s when ¢t = 0, determine its 
velocity when t = 2s. 


8 
+7DF. = ma,; 32000? - 400(9.81)( =) =400a a= 8’ — 4.616 


= adt 


2 
= i) (80? — 4.616) dt 
0 
= 14.1 m/s 


ae 400(9-B1)N 


my; + [Rat = my, 


2 
8 
+A 400(2) + / 3200 r2 dt — 400(9.81)(2 — o(5) = 400v, 
0 


800 + 8533.33 — 3693.18 = 400v, 


v. = 14.1 m/s 


R1-35. The 400-kg mine car is hoisted up the incline using 
the cable and motor M. For a short time, the force in the 
cable is F = (3200r’) N, where f is in seconds. If the car has 
an initial velocity v; = 2 m/s at s = 0 andt = 0, determine 
the distance it moves up the plane when ¢ = 2s. 


8 
=may; 32001 — 400(9.81)( =) =400a a=8f 
adt 


t 
/ (81? — 4.616) de 
0 


d 
a = 2.66713 — 4.616¢ + 2 


Ss 2 
i ds = i (2.66707 — 4.616¢ + 2)dt 
2 0 


s=543m 
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*R1-36. The rocket sled has a mass of 4 Mg and travels 
along the smooth horizontal track such that it maintains a 
constant power output of 450 kW. Neglect the loss of fuel 
mass and air resistance, and determine how far the sled must 
travel to reach a speed of v = 60 m/s starting from rest. 


_ mv 


3.P. 


_ 4(10°)(60)? 


—__~__ = 640m 
3(450)(10°) 


R1-37. The collar has a mass of 20 kg and can slide freely on 
the smooth rod. The attached springs are undeformed when 
d=0.5m. Determine the speed of the collar after the 
applied force F = 100 N causes it to be displaced so that 
d = 0.3m. When d = 0.5 m the collar is at rest. 


T, He DU, _2 = Th 


0 + 100 sin 60°(0.5 — 0.3) + 20(9.81)(0.5 — 0.3) — 5 (15)(05 — 0.3) - 5 025)(0°5 -— 037 = 5 (20v2 


Vc = 2.36 m/s Ans. 


W=20(981)N 
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R1-38. The collar has a mass of 20 kg and can slide freely on 
the smooth rod. The attached springs are both compressed 
0.4m when d = 0.5 m. Determine the speed of the collar 
after the applied force F = 100 N causes it to be displaced 
so that d = 0.3 m. When d = 0.5 m the collar is at rest. 


T, - XU,» ol Th 


0 + 100 sin 60°(0.5 — 0.3) + 196.2(0.5 — 0.3) — [5 (25)[0.4 + 0.2)? - 5 (25)(0.4)" 


Fs 


/ 
= ie (15)[0.4 — 0.2)? — . (15)(0.4)7] = e (20)v2 
2 ; 3 ‘ gi C Fei00N 
Vc = 2.34 m/s Ans, 60’ 
W=20(9-B1)N 
iA 


R1-39. The assembly consists of two blocks A and B which 
have masses of 20 kg and 30 kg, respectively. Determine the 
speed of each block when B descends 1.5 m. The blocks are 
released from rest. Neglect the mass of the pulleys and cords. 


0) = + (20)(v4)" 5 (30)( 3v4y 4 208( 42) — 30(9.81)(1.5) 


v4 = 1.54 m/s Ans, 


Vp = 4.62 m/s Ans. 
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*R1-40. The assembly consists of two blocks A and B, 
which have masses of 20kg and 30kg, respectively. 
Determine the distance B must descend in order for A to 
achieve a speed of 3 m/s starting from rest. 


V) 


0) = 5 (2003) + 5 (30)(-9)? + 20(9.81)( *) — 30(9.81)(sg) 


Ans. 


R1-41. Block A, having a mass m, is released from rest, 
falls a distance h and strikes the plate B having a mass 2m. 
If the coefficient of restitution between A and B is e, 
determine the velocity of the plate just after collision. The 
spring has a stiffness k. 


Just before impact, the velocity of A is 


T+VYy=h+ V2 
LD 
O+0= 5 mv, — mgh 


v4 = V2gh 
_ (va)2 — (Va)2 
(+1) e= igh 
eV 2gh = (vg)2 — (Va)2 
(+1) Ymvy, = Umvz 


m(va) + 0 = m(v4)2 + 2m(v~)2 


Solving Eqs. (1) and (2) for (vp), yields 


(v5) = = V2gh (1 +e) 
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R1-42. Block A, having a mass of 2 kg, is released from 
rest, falls a distance h = 0.5m, and strikes the plate B 
having a mass of 3kg. If the coefficient of restitution 
between A and B is e = 0.6, determine the velocity of the 
block just after collision. The spring has a stiffness 
k = 30 N/m. 


Just before impact, the velocity of A is 


T, + V, = T, + V2 
1 2 
0+0= 5 (2)(v4)5 — 2(9.81)(0.5) 


(v4)o = V2(9.81)(0.5) = 3.132 m/s 


_ (vp)3 — (Va)s 
(+1) e= 3,132 —0 


0.6(3.132) = (vg)3 — (Va)3 
1.879 = (vg)3 — (v4)3 
(+1) 9 mv, = Sm; 
2(3.132) + 0 = 2(v4)3 + 3(vp)3 
Solving Eqs. (1) and (2) for (v,)3 yields 
(vg)3 = 2.00 m/s 


(va)3 = 0.125 m/s 


R1-43. The cylindrical plug has a weight of 2 lb and it is 
free to move within the confines of the smooth pipe. The 
spring has a stiffness k = 141b/ft and when no motion 
occurs the distance d = 0.5 ft. Determine the force of the 
spring on the plug when the plug is at rest with respect to 
the pipe. The plug travels in a circle with a constant speed of 
15 ft/s, which is caused by the rotation of the pipe about the 
vertical axis. Neglect the size of the plug. 


£ YF, = Wie 
n Man, AY 32.2 


3-d 


2 (15)? | 


k = 14 lb/ft 
F,=ks; F, = 14(0.5 — d) 


Thus, 


2 (15) | 


MODS oe sa 


(0.5 — d)(3 — d) = 0.9982 


1.5 — 3.5d + d* = 0.9982 


d’ — 3.5d + 0.5018 = 0 
Choosing the root < 0.5 ft 
d = 0.1498 ft 


F, = 14(0.5 — 0.1498) = 4.90 Ib 
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*R1-44. A 20-g bullet is fired horizontally into the 300-g 
block which rests on the smooth surface. After the bullet 
becomes embedded into the block, the block moves to the 
right 0.3 m before momentarily coming to rest. Determine 
the speed (vg); of the bullet. The spring has a stiffness 
k = 200 N/m and is originally unstretched. 


After collision (0-3 40:02 (9. 8) N 


T, oe DU, _2 => To 
1 2 1 2 
5 (0-320)(v2)? = 5 (200)(0.3" = 0 


v2 = 7.50 m/s 


=Zmv, = XUmvz 
0.02(vg), + 0 = 0.320(7.50) 


(va) = 120 m/s 


R1-45. The 20-g bullet is fired horizontally at 
(vg); = 1200 m/s into the 300-g block which rests on the 
smooth surface. Determine the distance the block moves to 
the right before momentarily coming to rest. The spring has 
a stiffness k = 200 N/m and is originally unstretched. 


(0:3+0-02)(9.81) N 


=Xmv, = Umv, 
0.02(1200) + 0 = 0.320(12) 
v2 = 75 m/s 

After collision; 


T a XU, — Th 


1 1 
3 (0:320)(75)° _ 7 (200)(x") =0 


3m 
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R1-46. A particle of mass m is fired at an angle 0) with a 
velocity vo in a liquid that develops a drag resistance 
F = —kv, where k is a constant. Determine the maximum 
or terminal speed reached by the particle. 


Equation of Motion: Applying Eq. 13-7, we have 
k 


+s DF, = ma,; —kv, = ma, a, = —-—v, 
m 


k 
ey = may; —mg — kv, = may ay = -g- ee [2] 


dy d’y ; 
= and ay = —35- Substitute these values into 
dt dt 


However, v, = 


Eqs. [1] and [2], we have 


= 38: 
The solution for the differential equation, Eq. [3], is in the form of 


k 
x= Cy em + Cr 


: Ck _«, 
{ones [6] 
m 
However, at t = 0,x = O and x = vgcos Op. Substitute these values into Eqs. [5] and 


[6], one obtains C; = — . Up COS Oy and Cy = - Up COS Ap. Substitute C, into Eq. [6] 


and rearrange. This yields 


x= en! (vo COs 40) 
The solution for the differential equation, Eq. [4], is in the form of 


m 
y=Cyem + Ce 


C3k 
m 


[9] 


However, at t = 0, y = 0 and y = vg sin 6p. Substitute these values into Eq. [8] and 

: m : mg m : mg 
[9], one obtains C3 = — 7 \ vo sin 0) + ae and C4 = vo sin A) + ZS 
Substitute C, into Eq. [9] and rearrange. This yields 


. 50, : mg mg 
=e (ae 10 
ye (m sin 49 k ) k [10] 


t 


For the particle to achieve terminal speed, t > oo and en! —> 0, When this happen, 


m 
from Eqs. [7] and [10], v, = x = Oandv, = y = Sa Thus, 


5 mg\? _ mg 
— | —_— —= 
Umax Vuy + vy 


k k 
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R1-47. A projectile of mass m is fired into a liquid at an 
angle 4) with an initial velocity vg as shown. If the liquid 
develops a friction or drag resistance on the projectile 
which is proportional to its velocity, i.e., F = —kv, where k 
is a constant, determine the x and y components of its 
position at any instant. Also, what is the maximum distance 
Xmax that it travels? 


Equation of Motion: Applying Eq. 13-7, we have 


4S YF.= 


+T SF, = : y y= Buy [2] 


a 
However, vy = ; = ae: Substituting these values into 


Eqs. [1] and [2], we have 


= —~§ 
The solution for the differential equation, Eq. [3], is in the form of 
x=C; emt C, 


Thus, 


Cik x, 
x = ———en [6] 
m 
However, at t = 0, x = 0 and x = vocos Oo. Substituting these values into Eq. [5] 
and [6], one can obtain C, = a7 Ug COS Oy and Cy = - Up COS Oo. Substituting C, 
and C, into Eq. [5] and rearrange yields 


m _k, 
x= — vp COS Op (1 —em ) 
k 
_k 
When t > 00, e-"'— (0 and x = Xmax- Then, 
m 
Xmax = pe COS Op 


The solution for the differential equation. Eq. [4], is in the form of 


7 m 
y= Caen! +Cy- Ft 


C3 k 
y= " [8] 


m 


However, at t = 0, y = 0 and y = ug sin 6p. Substitute these values into Eq. [7] and 
: m : mg m : mg 
[8], one can obtain C3 = — 7 sin 09 + mt) and Cy = A (u sin 09 + mt) 


Substitute C, and C, into Eq. [7] and rearrange yields 


m : m 
yr aC sin A t 
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*RI-48. The position of particles A and B are 
ry = {3H + 9472 —Hj}m and rg = {3(? — 2 + 2)i4 
3(t — 2)j} m, respectively, where f is in seconds. Determine 
the point where the particles collide and their speeds just 
before the collision. How long does it take before the 
collision occurs? 


When collision occurs, r4 = rp. 
3t = 3(t? — 2t + 2) 


?-—3t+2=0 


9t(2 — t) = 3(t — 2) 
37° — 5t-2=0 


The positive root ist = 2s 


y = 9(2)(2 — 2) = 0 


Hence, (6 m, 0) 


(18 — 187)j 


Vali-2 = (3i — 18j} m/s 


v4 = V3) + (-18) = 18.2 m/s 


dr 
Vg = a = 3(2t — 2)i + 3j 


Valr=2 = {6i + 3j} m/s 


vp = V(6" + (3) = 6.71 m/s 
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R1-49. Determine the speed of the automobile if it has the 
acceleration shown and is traveling on a road which has a 
radius of curvature of p=50m. Also, what is the 
automobile’s rate of increase in speed? 


2 
v 
3 sin 40° = — 
sin 50 


v = 9.82 m/s 


a, = 3 cos 40° = 2.30 m/s” 


R1-50. The spring has a stiffness k = 31lb/ft and an 
unstretched length of 2 ft. If it is attached to the 5-lb smooth 
collar and the collar is released from rest at A, determine 
the speed of the collar just before it strikes the end of the 
rod at B. Neglect the size of the collar. 


Potential Energy: Datum is set at point B. The collar is (6 — 2) = 4 ft above the 
datum when it is at A. Thus, its gravitational potential energy at this point is 
5(4) = 20.0 ft-lb. The length of the spring when the collar is at points A and B are 
calculated aslo, = VP + 42+ 6 = V53 ftand lon = VP +32 4+ 22 = V14 tt, 
respectively. The initial and _ final elastic potential energy are 


1 1 
5 (3)(V'53 = 2)? = 41.82 ft-lb and es (3)(V14 7 2)? = 4.550 ft - lb, respectively. 


Conservation of Energy: Applying Eq. 14-22, we have 


=T 4 He V4 = X=Tz a =Vp 


1/5 
20.0 + 41.82 = ( es + 4.550 


2\32.2 


vp = 27.2 ft/s 
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e16-1. A disk having a radius of 0.5 ft rotates with an 
initial angular velocity of 2 rad/s and has a constant angular 
acceleration of 1 rad/s”. Determine the magnitudes of the 
velocity and acceleration of a point on the rim of the disk 
when t = 2s. 
@O= 0 + at; 
w=2+ 1(2) = 4rad/s 
v= Tro; v = 0.5(4) = 2 ft/s 
a =ra; a, = 0.5(1) = 0.5 ft/s? 

a, = (4)°(0.5) = 8 ft/s” 
a= V8 + (0.5) = 8.02 ft/s” 


16-2. Just after the fan is turned on, the motor gives the 
blade an angular acceleration a = (20e~°) rad/s’, where t 
is in seconds. Determine the speed of the tip P of one of the 
blades when t = 3 s. How many revolutions has the blade 
turned in 3 s? When ¢t = 0 the blade is at rest. 


dw = adt 


(0) t 
/ dw = i 20e 9" dt 
0 0 
t 


20 -0. — —0.6 
Tom 33.3(1 — e°*) 


w@ = 27.82 rad/s when t = 3s 
Vp = wr = 27.82(1.75) = 48.7 ft/s 


dé = wat 


0 t 
fe = [3st — eO6t) dy 
0 0 
6 = 33 a(: ne (a )e) : 24 33 i (a) ie: 1)| 
, 0.6 0 ; 0.6 


6 = 53.63 rad = 8.54 rev 
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16-3. The hook is attached to a cord which is wound 
around the drum. If it moves from rest with an 
acceleration of 20 ft/s”, determine the angular acceleration 
of the drum and its angular velocity after the drum has 
completed 10 rev. How many more revolutions will the 
drum turn after it has first completed 10 rev and the hook 
continues to move downward for 4 s? 


Angular Motion: The angular acceleration of the drum can be determine by 
applying Eq. 16-11. 


a, = ar; 20 = a(2) a = 10.0 rad/s” Ans. 


Qa = 


Applying Eq. 16-7 with a, = a= 10.0 rad/s’ and @ = (10 rev) X ( hace 


= 207 rad, we have 
w = wp + 2a, (6 — 4) 
w* = 0 + 2(10.0)(207 — 0) 
w = 35.45 rad/s = 35.4 rad/s Ans. 


The angular displacement of the drum 4 s after it has completed 10 revolutions can 
be determined by applying Eq. 16-6 with wp = 35.45 rad/s. 


1 5 
We Oy aigh as Get 


1 
= 0 + 35.45(4) + 5 (10.0)(4?) 


lrev 


oie 2) = 35.3rev 


= (221.79 rad) X ( 
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*16-4. The torsional pendulum (wheel) undergoes 
oscillations in the horizontal plane, such that the angle of 
rotation, measured from the equilibrium position, is given 
by 6 = (0.5 sin 3¢) rad, where ¢ is in seconds. Determine the 
maximum velocity of point A located at the periphery of 
the wheel while the pendulum is oscillating. What is the 
acceleration of point A in terms of f? 


Angular Velocity: Here, 6 = (0.5 sin 3¢) rad/s. Applying Eq. 16-1, we have 


d 
o= a = (1.5 cos 3t) rad/s 


By observing the above equation, the angular velocity is maximum if cos 3¢ = 1. 
Thus, the maximum angular velocity is @max = 1.50 rad/s. The maximum speed of 
point A can be obtained by applying Eq. 16-8. 


(VA)max = ®max’ = 1.50(2) = 3.00 ft/s Ans. 


Angular Acceleration: Applying Eq. 16-2, we have 


d 
a= ae = (—4.5 sin 3f) rad/s” 


The tangential and normal components of the acceleration of point A can be 
determined using Eqs. 16-11 and 16-12, respectively. 


a, = ar = (—4.5 sin 3t)(2) = (—9 sin 3r) ft/s? 


a, = wr = (1.5 cos 3t)’ (2) = (4.5 cos? 31) ft/s? 


a, = (-9 sin 3tu, + 4.5 cos” 31u,,) ft/s? 


e16-5. The operation of reverse gear in an automotive 
transmission is shown. If the engine turns shaft A at 
w, = 40 rad/s, determine the angular velocity of the drive 
shaft, wg. The radius of each gear is listed in the figure. 


raA@MA = FCWc: 80(40) = 40w¢ Wc = Wp = 80 rad/s 
WE'E = Wprp: (50) ia 80(40) OE = Wr>= 64 rad/s 
WFrr >= Wprzg: 64(70) = WB (50) WR > 89.6 rad/s 


wp = 89.6 rad/s 
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16-6. The mechanism for a car window winder is shown in 
the figure. Here the handle turns the small cog C, which 
rotates the spur gear S, thereby rotating the fixed-connected 
lever AB which raises track D in which the window rests. 
The window is free to slide on the track. If the handle is 
wound at 0.5 rad/s, determine the speed of points A and E 
and the speed v,, of the window at the instant 9 = 30°. 


Ve = wcrc = 0.5(0.02) = 0.01 m/s 


ve 0.01 _ 
rs 005 > 0.2 rad/s 


V4 = Ve = Os fr, = 0.2(0.2) = 0.04 m/s = 40 mm/s 


Points A and E move along circular paths. The vertical component closes the 
window. 


Vy = 40 cos 30° = 34.6 mm/s Ans, 


16-7. The gear A on the drive shaft of the outboard motor 
has a radius r, = 0.5 in. and the meshed pinion gear B on the 
propeller shaft has a radius rg = 1.2 in. Determine the 
angular velocity of the propeller int = 1.5 s,if the drive shaft 
rotates with an angular acceleration a = (4002) rad/s’, 
where f is in seconds. The propeller is originally at rest and 
the motor frame does not move. 


Angular Motion: The angular velocity of gear A at t = 1.5s must be determined 
first. Applying Eq. 16-2, we have 


dw = adt 


@, 15s 
i do = i 4008? dt 
0 0 


w,4 = 100r4|)°* = 506.25 rad/s 


However, #414 = wWprpz where wz is the angular velocity of propeller. Then, 


ig Sie (3 ) (606.25) = 211 rad/s 


'B 42 
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*16-8. For the outboard motor in Prob. 16-7, determine 
the magnitude of the velocity and acceleration of point P 
located on the tip of the propeller at the instant t = 0.75 s. 


Angular Motion: The angular velocity of gear A at t = 0.75 s must be determined 
first. Applying Eq. 16-2, we have 


wo = adt 


d 
4 0.75 s 
| dw = 7 40087 dt 
0 0 


wa = 1002*|}7°* = 31.64 rad/s 


The angular acceleration of gear A at t = 0.75 s is given by 


a4 = 400(0.75*) = 168.75 rad/s? 


However, war, = Wgrg and a,ra, = Agrg where wg and ag are the angular 
velocity and acceleration of propeller. Then, 


0.5 
joe nA = ($3 )ars9 = 13.18 rad/s 


0.5 
set Py ($3) 068275) = 70.31 rad/s? 
'B 12 


OB 
Motion of P: The magnitude of the velocity of point P can be determined using 
Eq. 16-8. 


2.20 
12 


Up = WRrp = 13.18( 


) = 2.42 ft/s Ans, 


The tangential and normal components of the acceleration of point P can be 
determined using Eqs. 16-11 and 16-12, respectively. 


2.20 
a, = Qgrp = 7031( 0 ) = 12.89 ft/s? 


2.20 
Qn = W2rp = (1318°)(22°) = 31.86 ft/s 


The magnitude of the acceleration of point P is 


ap = Vaz + a = V12.89 + 31.867 = 34.4 ft/s? 
P r n 
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¢16-9. When only two gears are in mesh, the driving gear 
A and the driven gear B will always turn in opposite 
directions. In order to get them to turn in the same 
direction an idler gear C is used. In the case shown, 
determine the angular velocity of gear B when t = Ss, if 
gear A starts from rest and has an angular acceleration of 
a, = (3t + 2) rad/s”, where fis in seconds. 


Idler gear Driving gear 


dw = adt 


WA t 
i do, = [orrna 
0 0 


wo, = 1.50 + 2t|,-5 = 47.5 rad/s 
(47.5)(50) = we (50) 

@c = 47.5 rad/s 

wp (75) = 47.5(50) 


@p = 31.7 rad/s 


16-10. During a gust of wind, the blades of the windmill w = (0.20) rad/s? 
are given an angular acceleration of a = (0.20) rad/s’, 
where 6 is in radians. If initially the blades have an angular 
velocity of 5 rad/s, determine the speed of point P, located 
at the tip of one of the blades, just after the blade has turned 
two revolutions. 


Angular Motion: The angular velocity of the blade can be obtained by applying 
Eq. 16-4. 


wdw = adé 


) 4a 
| wdw = | 0.26de 
5 rad/s 0 


w = 7.522 rad/s 


Motion of P: The speed of point P can be determined using Eq. 16-8. 


up = wrp = 7.522(2.5) = 18.8 ft/s 
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16-11. The can opener operates such that the can is driven 
by the drive wheel D. If the armature shaft S on the motor 
turns with a constant angular velocity of 40 rad/s, 
determine the angular velocity of the can. The radii of S, can 
P, drive wheel D, gears A, B, and C, are rs = 5mm, 
rp = 40mm, rp = 7.5 mm, ry, = 20mm, rg = 10 mm, and 
rc = 25 mm, respectively. 


Gears A and B will have the same angular velocity since they are mounted on the 
same axle. Thus, 


MAla = Osls 


(0 10 rad/s 


Wheel D is mounted on the same axle as gear C, which in turn is in mesh with 
gear B. 


McTc = OBlz 


@p = @z (Zao 4 rads/s 


Finally, the rim of can P is in mesh with wheel D. 


Wprp = Wpr'p 


'p fies) 
Wp (2) ao (2) 0.75 rad/s 


*16-12. If the motor of the electric drill turns the 
armature shaft S with a constant angular acceleration of 
as = 30 rad/s’, determine the angular velocity of the shaft 
after it has turned 200 rev, starting from rest. 


rad 


2 
Motion of Pulley A: Here, 6, = (200 rev)( a ) = 4007 rad. Since the angular 


acceleration of shaft s is constant, its angular velocity can be determined from 
Qs 2 
Os, = (@s)o a 2a¢ [6, (4,)o| 


w,” = 0° + 2(30)(4007 — 0) 


w, = 274.6 rad/s 
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°16-13. Ifthe motor of the electric drill turns the armature 
shaft S with an angular velocity of ws = (100t'”*) rad/s, 
determine the angular velocity and angular acceleration of 
the shaft at the instant it has turned 200 rev, starting from rest. 


2arad 


ieu ) = 4007. The angular 


Motion of Armature Shaft S$: Here, 6, = (200 rev)( 


velocity of A can be determined from 


[= ', w,dt 
6, t 

| 6, = il 100¢'/7dt 
0 0 


t 
0,|¢° = 66.67177|9 
0, = (66.67r7”)rad 
When 6, = 4007 rad, 
4007 = 66.6709” 


t = 7.083 s 


Thus, the angular velocity of the shaft after it turns 200 rev (t = 7.083 s) is 


w, = 100(7.083)"”? = 266 rad/s 


The angular acceleration of the shaft is 


do 1 50 
=—* = 100 ri) = ( 
mi dt ( t 


When t = 7.083 s, 
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16-14. A disk having a radius of 6 in. rotates about a fixed 
axis with an angular velocity of @ = (2t + 3) rad/s, where tis 
in seconds. Determine the tangential and normal components 
of acceleration of a point located on the rim of the disk at the 
instant the angular displacement is 9 = 40 rad. 


Motion of the Disk: We have 


fan [ oa 

0 t 
[- foe sae 
0 0 


Alo = (2 + 3x) 
0 


d= (2 + 31) 
When 0 = 40 rad, 
40 =? + 3¢ 
? + 3t-—40=0 


Solving for the positive root, 


When t = 5s(6 = 40 rad), 
w = 2(5) + 3 = 13 rad/s 


Motion of Point P: Using the result for w and a, the tangential and normal 
components of the acceleration of point P are 
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16-15. The 50-mm-radius pulley A of the clothes 
dryer rotates with an angular acceleration of 
a, = (27647) rad/s’, where 0, is in radians. Determine its 
angular acceleration when ¢t = 1 s, starting from rest. 


Motion of Pulley A: The angular velocity of pulley A can be determined from 


7 w,da, = a, d0, 


4 04 
‘| w,dw, = | 2704 "/7d0, 
0 0 


wa? A 


2 


= 180 7|¢ 


oO, = (60,54) rad/s 


Using this result, the angular displacement of A as a function of ¢ can 
determined from 


Whent = 1s 


4 
04 = 3 (| = 5.0625 rad 


Thus, when t = 1s, a, is 


a4 = 27(5.0625") = 60.8 rad/s” 
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*16-16. If the 50-mm-radius motor pulley A of the clothes 
dryer rotates with an angular acceleration § of 
a4 = (10 + 50f) rad/s’, where t is in seconds, determine its 
angular velocity when t = 3 s, starting from rest. 


Motion of Pulley A: The angular velocity of pulley A can be determined from 


i dw 4 = / a ,dt 
WA t 
| dw, = i (10 + SOr)dt 
0 0 


t 


wale = (10 + 2527)], 


oO, = (104 + 251?)rad/s 


w,4 = 10(3) + 25(3?) = 225 rad/s 


e16-17. The vacuum cleaner’s armature shaft S rotates 
with an angular acceleration of a = 4w/* rad/s”, where w is 
in rad/s. Determine the brush’s angular velocity when 
t = 4s,starting from rest. The radii of the shaft and the brush 
are 0.25 in. and 1 in., respectively. Neglect the thickness of the 
drive belt. 


Motion of the Shaft: The angular velocity of the shaft can be determined from 


t w. 


[a = Je das 
0 0 4w?/* 


When t = 4s 


wo, = 44 = 256 rad/s 


Motion of the Beater Brush: Since the brush is connected to the shaft by a non-slip 
belt, then 


(°).2s6 = 64 rad/s 
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16-18. Gear A is in mesh with gear B as shown. If A starts 
from rest and has a constant angular acceleration of 
a4 = 2 rad/s’, determine the time needed for B to attain an 
angular velocity of wz = 50 rad/s. 


Angular Motion: The angular acceleration of gear B must be determined first. Here, 
agra = Qp rz. Then, 


25 
az = “ a, = (= Jey = 0.5 rad/s” 


The time for gear B to attain an angular velocity of wg = 50 rad/s can be obtained 
by applying Eq. 16-5. 


wp = (wo)p + apt 
50 = 0 + 0.5t 


100s 
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that have a parabolic shape. If the blades are originally at 
rest and begin to turn with a constant angular acceleration 
of a, = 0.5 rad/s”, determine the magnitude of the velocity 
and acceleration of points A and B on the blade after the 
blade has rotated through two revolutions. 


16-19. The vertical-axis windmill consists of two blades | a, = 0.5 rad /s? 


Angular Motion: The angular velocity of the blade after the blade has rotated 
2(27r) = 47 rad can be obtained by applying Eq. 16-7. 


w = wi + 2a, (@ — 4) 


w = 0° + 2(0.5)(4a — 0) 


w = 3.545 rad/s 


Motion of A and B: The magnitude of the velocity of point A and B on the blade can 
be determined using Eq. 16-8. 


v4 = wr, = 3.545(20) = 70.9 ft/s Ans. 


pg = org = 3.545(10) = 35.4 ft/s Ans. 


The tangential and normal components of the acceleration of point A and B can be 
determined using Eqs. 16-11 and 16-12 respectively. 


(a4 = ar, = 0.5(20) = 10.0 ft/s? 


(an) = o rg = (3.5457)(20) = 251.33 ft/s” 


(a,)g = arg = 0.5(10) = 5.00 ft/s? 


(an)g = @ rg = (3.545)(10) = 125.66 ft/s? 


The magnitude of the acceleration of points A and B are 


(a) = V(a) + (an), = V10.0? + 251.332 = 252 ft/s? 


(a)p = = V(a,)} + (a, = V5.00? + 125.662 = 126 ft/s 
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*16-20. The vertical-axis windmill consists of two blades 
that have a parabolic shape. If the blades are originally at rest 
and begin to turn with a constant angular acceleration of 
a, = 0.5 rad/s”, determine the magnitude of the velocity and 
acceleration of points A and B on the blade when t = 4s. 


Angular Motion: The angular velocity of the blade at t = 4s can be obtained by 
applying Eq. 16-5. 


@ =a + at = 0 + 0.5(4) = 2.00 rad/s 


Motion of A and B: The magnitude of the velocity of points A and B on the blade 
can be determined using Eq. 16-8. 


v4 = wr, = 2.00(20) = 40.0 ft/s Ans. 


Up = orp = 2.00(10) = 20.0 ft/s Ans. 


The tangential and normal components of the acceleration of points A and B can be 
determined using Eqs. 16-11 and 16-12 respectively. 


(a,)4 = ar, = 0.5(20) = 10.0 ft/s? 


(an) = w r4 = (2.007)(20) = 80.0 ft/s? 


(a;)g = arg = 0.5(10) = 5.00 ft/s? 
(a,)g = @ rg = (2.007)(10) = 40.0 ft/s? 


The magnitude of the acceleration of points A and B are 


(a), = Vaya + (an) = V10.07 + 80.0? = 80.6 ft/s? 


(a)p = V(a)% + (ane = V5.002 + 40.0? = 40.3 ft/s? 


16.21. The disk is originally rotating at w) = 8 rad/s. If it is @ = 8 rad/s 
subjected to a constant angular acceleration of a = 6 rad/s”, 

determine the magnitudes of the velocity and the n and t 

components of acceleration of point A at the instant 

t=05s. 


© =a t+ at 

w = 8 + 6(0.5) = 11 rad/s 

Vv = ro; va = 2(11) = 22 ft/s 
a,=ra; (aq), = 2(6) = 12.0 ft/s? 


(a4)n = (11)°(2) = 242 ft/s? 
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16-22. The disk is originally rotating at wy) = 8 rad/s. If it 
is subjected to a constant angular acceleration of 
a = 6rad/s, determine the magnitudes of the velocity and 
the n and ¢ components of acceleration of point B just after 
the wheel undergoes 2 revolutions. 


wh + 2a, (0 — 0) 

(8)° + 2(6)[2(27) — 0] 
w = 14.66 rad/s 
vg = or = 14.66(1.5) = 22.0 ft/s 
(ag), = ar = 6(1.5) = 9.00 ft/s? 


(ag), = wr = (14.66)7°(1.5) = 322 ft/s? 


16-23. The blade C of the power plane is driven by pulley 
A mounted on the armature shaft of the motor. If the 
constant angular acceleration of pulley A is a, = 40 rad/s’, 
determine the angular velocity of the blade at the instant A 
has turned 400 rev, starting from rest. 


27 rad 


Motion of Pulley A: Here, 6, = (400 rev)( ieee 


) = 8007 rad. Since the angular 


velocity can be determined from 


wa” = (wa)o” + 2ac [o.4 = (.4)o| 
w,” = 0 + 2(40)(8007 — 0) 
w, = 448.39 rad/s 


Motion of Pulley B: Since blade C and pulley B are on the same axle, both will have 
the same angular velocity. Pulley B is connected to pulley A by a nonslip belt. Thus, 


MOBIR = WATA 


Wc = wR ( Je (2) casa0) = 224 rad/s 
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*16-24. For a short time the motor turns gear A with an 
angular acceleration of a4 = (30t!/”) rad/s”, where f is in 
seconds. Determine the angular velocity of gear D when 
t = 5s,starting from rest. Gear A is initially at rest. The radii 
of gears A, B, C, and D are ry, = 25mm, rz = 100mm, 
rc = 40mm, and rp = 100 mm, respectively. 


Motion of the Gear A: The angular velocity of gear A can be determined from 


[ dos / adt 
@, t 

i dw, = i 300!/2dt 
0 0 


t 
w 
wa), = 20°? 
0 


oO, = (2047) rad/s 
When t = 5s 


w,4 = 20(59?) = 223.61 rad/s 


Motion of Gears B, C, and D: Gears B and C which are mounted on the same axle 
will have the same angular velocity. Since gear B is in mesh with gear A, then 


OBrB = Wala 


25 
Jer a (= Jerse) = 55.90 rad/s 


40 


(65:90) = 22.4 rad/s 
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¢16-25. The motor turns gear A so that its angular velocity 
increases uniformly from zero to 3000 rev/min after the shaft 
turns 200 rev. Determine the angular velocity of gear D when 
t = 3s. The radii of gears A, B, C, and D are r, = 25 mm, 
rz = 100 mm,rc = 40 mm, and rp = 100 mm, respectively. 


1 mi 27 rad 
Motion of Wheel A: Here, w, (s000 nee )( mn )( ua ) 1007 rad/s 
min 60s lrev 


rad 


2 
when 64 = (200 ren)( — ) = 4007 rad. Since the angular acceleration of gear 


A is constant, it can be determined from 


wa” = (wa)? + 2a, [o. = (.4)o| 
(1007)? = 0? + 2a, (4007 — 0) 
a4 = 39.27 rad/s? 
Thus, the angular velocity of gear A when t = 3s is 
ws = (wa)o + agt 
0 + 39.27(3) 


117.81 rad/s 


Motion of Gears B, C, and D: Gears B and C which are mounted on the same axle 
will have the same angular velocity. Since gear B is in mesh with gear A, then 


MBB = WBlA 


25, 
“\o, (= array = 29.45 rad/s 


Also, gear D is in mesh with gear C. Then 


®pDTpD = Tc 


40 
“oc (> Jes. = 11.8 rad/s 


529 


91962_06_s16_p0513-0640 6/8/09 2:14 PM Page 530 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-26. Rotation of the robotic arm occurs due to linear 
movement of the hydraulic cylinders A and B. If this motion 
causes the gear at D to rotate clockwise at 5 rad/s, determine 
the magnitude of velocity and acceleration of the part C 
held by the grips of the arm. 


Motion of Part C: Since the shaft that turns the robot’s arm is attached to gear D, 
then the angular velocity of the robot’s arm wr = wp = 5.00 rad/s. The distance of 
part C from the rotating shaft is rc = 4cos 45° + 2 sin 45° = 4.243 ft. The 
magnitude of the velocity of part C can be determined using Eq. 16-8. 


Uc = wrtc = 5.00(4.243) = 21.2 ft/s Ans. 


The tangential and normal components of the acceleration of part C can be 
determined using Eqs. 16-11 and 16-12 respectively. 


a = arc =0 


a, = WR = (5.007)(4.243) = 106.07 ft/s” 


The magnitude of the acceleration of point C is 


ac = Vat + a& = V0* + 106.072 = 106 ft/s 
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16-27. For a short time, gear A of the automobile 
starter rotates with an angular acceleration of 
a4 = (45027 + 60) rad/s’, where t is in seconds. Determine 
the angular velocity and angular displacement of gear B 
when ¢ = 2s, starting from rest. The radii of gears A and B 
are 10 mm and 25 mm, respectively. 


Motion of Gear A: Applying the kinematic equation of variable angular 


acceleration, 
/ do, | a,dt 
WA t 


i dw, = ‘| (4501? + 60)dt 
0 0 


t 
waly = 15003 + 601 ; 


w,4 = (1500 + 60r) rad/s 
When t = 2s, 


w, = 150(2)° + 60(2) = 1320 rad/s 


/ d6, = / w, dt 
04 


t 
dO, = | (15003 + 60r)d¢ 
0 0 


t 


O4[,° = 37.54 + 302 


0 
64 = (37.5¢* + 3027) rad 


When t = 2s 
04 = 37.5(2)* + 30(2)? = 720 rad 
Motion of Gear B: Since gear B is meshed with gear A, Fig. a, then 


Vp = WOATA = WBrB 


TA 
WR WA, 
'B 


= a320( 2%) 


= 528 rad/s 


TA 
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*16-28. For a short time, gear A of the automobile starter 
rotates with an angular acceleration of a, = (50w"”) rad/s”, 
where o is in rad/s. Determine the angular velocity of gear B 
after gear A has rotated 50 rev, starting from rest. The radii of 
gears A and B are 10 mm and 25 mm, respectively. 


Lj 
oe 
= 


i_ 
Motion of Gear A: We have tS Sti — i 
d 
fa-[™ 
aA 
: °4 da, 
| dt = | ie 
0 0 50a, 
1 


@a4 


t 


= 12 
0 = 950A” 


0 


7 
oO, = (62577) rad/s 


The angular displacement of gear A can be determined using this result. 


| d0, = WA dt 
O04 t 
y dO, = | (6250? Jat 
0 0 


t 
Oly’ = 208.330° 
0 


6.4 = (208.337) rad 


27 rad 
lrev 


When 6, = 50 rex( 


) = 1007 rad, 
1007 = 208.3323 
t= 1.1478 


Thus, the angular velocity of gear A at t = 1.147 s(@4 = 1007 rad) is 
w, = 625(1.147°) = 821.88 rad/s 


Motion of Gear B: Since gear B is meshed with gear A, Fig. a, then 


Vp = BATA = WBrsB 


TA 
WB WaA\ 
'B 


= 821 as( So) 
~eee"*\ 0.025 


= 329 rad/s 
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¢16-29. Gear A rotates with a constant angular velocity of 
w, = 6rad/s. Determine the largest angular velocity of 
gear B and the speed of point C. 


(r)max = (7A)max = 50V2 mm 
(7p)min = (A)min = 50mm 
When r, is max., rp is min. P= 100 mm—-| 
wp (rp) = MATA 
rA 50V2 
(8) max = 6“) = ( = 


(@B) max = 8.49 rad/s 


Ve = (@p)max c= 8.49(0.05-V2) 


vc = 0.6 m/s 


16-30. If the operator initially drives the pedals at 
20 rev/min, and then begins an angular acceleration of 
30 rev/min’, determine the angular velocity of the flywheel 
F when t = 3 s. Note that the pedal arm is fixed connected 
to the chain wheel A, which in turn drives the sheave B 
using the fixed connected clutch gear D. The belt wraps 
around the sheave then drives the pulley E and fixed- 
connected flywheel. 


@ = @ t+ act 


3 
w, = 204 20( 5) = 21.5 rev/min 


ry = 125mm rg = 175mm 


= rp = 20mm re = 30mm 
@A4lTa = OpTp 


21.5(125) = wp (20) 
Op = @p = 134.375 
Opra = WETE 
134.375(175) = w,(30) 
wp = 783.9 rev/min 


wp = 784 rev/min 
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16-31. If the operator initially drives the pedals at 
12 rev/min, and then begins an angular acceleration of 
8 rev/min’, determine the angular velocity of the flywheel 
F after the pedal arm has rotated 2 revolutions. Note that 
the pedal arm is fixed connected to the chain wheel A, 
which in turn drives the sheave B using the fixed- 
connected clutch gear D. The belt wraps around the sheave 
then drives the pulley E and fixed-connected flywheel. 


w = w + 2a, (0 — %) 


= 125 2075 
oY FARA 0) 7 = 20 7 = 30 ae 
D~ Ee 


w = 13 266 rev/min 
@ATA = ®DTp 

13 266(125) = wp (20) 
Wp = Wp = 82.916 
OBTB =~ WETE 
82.916(175) = w,(30) 
wp = 483.67 


wr = 484 rev/min 
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*16-32. The drive wheel A has a constant angular velocity 
of w,. At a particular instant, the radius of rope wound on 
each wheel is as shown. If the rope has a thickness T, 
determine the angular acceleration of wheel B. 


Angular Motion: The angular velocity between wheels A and B can be related by 


TA 
WAl,a = WBrp Or WR = fare 
B 


During time dt, the volume of the tape exchange between the wheel is 


—2arpzdrz = 2ur4dr, 


drz = -(2)ar, 
'B 


Applying Eq. 16-2 with wz = A wa, we have 
'B 


- ef)" |- (4% a 
8 dt dtlrg “| “4\r, dt ry dt 


Substituting Eq.[1] into [2] yields 


ry + re\dra 
ap WA 3 


rR dt 


The volume of tape coming out from wheel A in time dt is 
2ar, dr, = (Mar, dt) T 


dr 4 o,T 


dt Qa 


Substitute Eq.[4] into [3] gives 
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¢16-33. If the rod starts from rest in the position shown 
and a motor drives it for a short time with an angular 
acceleration of a = (1.5e’) rad/s’, where ¢ is in seconds, z= 0.25 sin (ty) 
determine the magnitude of the angular velocity and the 
angular displacement of the rod when t = 3s. Locate the 
point on the rod which has the greatest velocity and 
acceleration, and compute the magnitudes of the velocity 
and acceleration of this point when ¢ = 3 s. The rod is 
defined by z = 0.25 sin(zy) m, where the argument for the 
sine is given in radians and y is in meters. 


dw = a dt 


w t 
[ dw = [ose dt 
0 0 


@ = 15e, = 1.5[e - 1] 


dé = wdt 


0 t 
= ea 
fe 15 [ [e 1] dt 


@=15[e — tf =15[e — 1-1] 


When t = 3s 


w = 15[e? — 1] = 28.63 = 28.6 rad/s Ans. 


@ = 15[e? — 3-1] = 24.1 rad Ans. 


The point having the greatest velocity and acceleration is located furthest from the 
axis of rotation. This is at y = 0.5 m, where z = 0.25 sin (770.5) = 0.25 m. 


Hence, 
vp = @(z) = 28.63(0.25) = 7.16 m/s 
(a,)p = a(z) = (1.5e)(0.25) = 7.532 m/s” 


(ap)p = w°(z) = (28.63)7(0.25) = 204.89 m/s” 


ap = V(a)> + (ay)> = V (7.532) + (204.89) 


ap = 205 m/s” 
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16-34. If the shaft and plate rotate with a constant 
angular velocity of w = 14rad/s, determine the velocity 
and acceleration of point C located on the corner of the 
plate at the instant shown. Express the result in Cartesian 
vector form. 


We will first express the angular velocity w of the plate in Cartesian vector form. The FS . 


unit vector that defines the direction of w is 0.4m 


—0.3i + 0.27 + 0.6k . : B 
_ 1 
V(-0.3) + 0.22 + 0.8 


Yoa = 


Thus, 


3 
0 = oto = 1 zi 74 7 i j + 12k] rad/s 


Since w is constant 


For convenience, rc = [—0.3i + 0.4j] m is chosen. The velocity and acceleration of 
point C can be determined from 


Vo = @ x Yc 
= (-6i + 4j + 12k) x (-0.3i + 0.4j) 


= [-4.8i — 3.6j — 1.2k] m/s 


i+ 4j + 12k) x [(—6i + 4j + 12k) x (—0.3i + 0.49)] 


= [38.41 — 64.8] + 40.8k]m/s” 
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16-35. At the instant shown, the shaft and plate rotates 
with an angular velocity of w = 14rad/s and angular 
acceleration of a = 7 rad/s’. Determine the velocity and 
acceleration of point D located on the corner of the plate at 
this instant. Express the result in Cartesian vector form. 


Ses 
ee 
yak 


We will first express the angular velocity w of the plate in Cartesian vector form. The 
0.4m 


unit vector that defines the direction of w and a is 


B 


~0.3i + 0.2j + 0.6k 
V(-0.3) + 0.2 + 0.2 


Yoa = 


Thus, 


3 
w = oUg, = 14( i j i j + 12k] rad/s 


7 


3 
a= aus = 7( zi 74 i + 2j + 6k] rad/s 


For convenience, rp = [—0.3i + 0.4j] m is chosen. The velocity and acceleration of 
point D can be determined from 


Vp =~ WXTp 


(—6i + 4j + 12k) x (—0.3i + 0.4j) 


[4.81 + 3.6j + 1.2k]m/s 


=aXrp— orp 


(—3i + 2) + 6k) X (—0.3i + 0.4j) + (—6i + 4j + 12k) x [(—6i + 4j + 12k) x (—0.3i + 0.49)] 


= [-36.0i + 66.6j + 40.2k]m/s” Ans. 
[ j 
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*16-36. Rod CD presses against AB, giving it an angular 
velocity. If the angular velocity of AB is maintained at 
w = 5S rad/s, determine the required magnitude of the 
velocity v of CD as a function of the angle 6 of rod AB. 


Position Coordinate Equation: From the geometry, 


2 
x= = 2coté 
tan 0 


Time Derivatives: Taking the time derivative of Eq. [1], we have 


dx _ 7,40 
a 2 csc’ a 


d d 
However, = = vand He = w = S5rad/s, then from Eq. [2] 
v = —2 csc? (5) = (—10 csc*#) Ans, 


Note: Negative sign indicates that v is directed in the opposite direction to that of 
positive x. 


°16-37. The scaffold S is raised by moving the roller at A 
toward the pin at B. If A is approaching B with a speed of 
1.5 ft/s, determine the speed at which the platform rises as a 
function of 6. The 4-ft links are pin connected at their 
midpoint. 


Position Coordinate Equation: 


x = 4cos0 


Time Derivatives: 
x = —4sin 60 However, x = —va = —1.5 ft/s 


~ 0.375 
@= 


-1.5 = —4sin 66 
sin 8 


0.375 
sin 0 


) = 1.5 coté 


y= vy = 4.0088 = 4 cos of 
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16-38. The block moves to the left with a constant 
velocity vp. Determine the angular velocity and angular 
acceleration of the bar as a function of 6. 


Position Coordinate Equation: From the geometry, 


a 
x =— =acotd 
tan 0 


Time Derivatives: Taking the time derivative of Eq. [1], we have 


dx _ <3 2948 
dt = a CSC dt 


; ee : dx 
Since vp is directed toward negative x, then ae 


From Eq.[2], 


—uy = —acsc” 6(w) 


dow 


Here, a = 
dt 


. Then from the above expression 


Vv 


Oy do 
- (2 ui 
eS, (2 sin @ cos @) it [3] 


: : dé ww. : : 
However, 2 sin 6 cos 6 = sin 20 and w = ae = — sin? 6. Substitute these values into 
a 


Eq.[3] yields 


2 
a= _ sin 20( sin’) = (*) sin 26 sin? 0 
a a a 
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16-39. Determine the velocity and acceleration of platform 
P asa function of the angle @ of cam Cif the cam rotates with 
a constant angular velocity w. The pin connection does not 
cause interference with the motion of P on C. The platform is 
constrained to move vertically by the smooth vertical guides. 


Position Coordinate Equation: From the geometry. 
y=rsnéd+r 


Time Derivatives: Taking the time derivative of Eq. [1], we have 


d 0 
ae r cos 8 — 


dt dt 


dy dé 
However v = -r and @ = We From Eq.[2], 


v = wr cos 


Taking the time derivative of the above expression, we have 


du _ a aye 4 gfe 
r)wo(—sin a dt 


dt 


( 7 g ) 
= r| cos 8 — — w* sind 
dt 


dv dw 
However a i and a 7 0. From Eq.[4], 


a=—o' rsind Ans. 


Note: Negative sign indicates that a is directed in the opposite direction to that of 
positive y. 
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*16—-40. Disk A rolls without slipping over the surface of 
the fixed cylinder B. Determine the angular velocity of A if 
its center C has a speed vc = 5 m/s. How many revolutions 
will A rotate about its center just after link DC completes 
one revolution? 


As shown by the construction, as A rolls through the arc s = 0, r, the center of the 
disk moves through the same distance s’ = s. Hence, 


S=6,4r 


s=O6O,4r 


5 = w, (0.15) 


w, = 33.3 rad/s 


s’ = 2r0cp 
20cp = 04 


Thus, A makes 2 revolutions for each revolution of CD. 
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e16-41. Crank AB rotates with a constant angular 
velocity of 5 rad/s. Determine the velocity of block C and 
the angular velocity of link BC at the instant 6 = 30°. 


Position Coordinate Equation: From the geometry, 
x = 0.6cos 0 + 0.3 cos 


0.6 sin @ = 0.15 + 0.3 sind 


Eliminate ¢ from Eqs. [1] and [2] yields 


x = 0.6 cos @ + 0.3V/2 sin @ — 4 sin? 6 + 0.75 


Time Derivatives: Taking the time derivative of Eq. [3], we have 


dx . 0.15(2 cos@ — 4sin20) | dé 
— =] —0.6 sin 6 +4 
dt V2 sin @ — 4sin26 + 0.75_| at 


However, = wap, then from Eq.[4] 


0 
dt 


. 0.15(2 cos 8 — 4 sin 20) 
UES —0.6 sin @ 4 @AB 


= uc and 


x 
dt 


V2 sin 6 — 4 sin’ + 0.75 
At the instant 9 = 30°, w4, = 5 rad/s. Substitute into Eq.[5] yields 


0.15(2 cos 30° — 4 sin 60°) 
V2 sin 30° — 4 sin230° + 0.75 


UC = -06 sin 30° 4 jo = —3.00 m/s 


Taking the time derivative of Eq. [2], we have 


do dd 
0.6 cos 0 To 0.3 cos & a 


dd dé 
However, He 7 OBC and dr PAB then from Eq.[6] 


2 cos 0 
@BC — “cos AB 


At the instant 9 = 30°, from Eq.[2], 6 = 30.0°. From Eq.[7] 


2 cos 30° 
gc = (2 se) = 10.0 rad/s Ans, 


Note: Negative sign indicates that uc is directed in the opposite direction to that of 
positive x. 
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16-42. The pins at A and B are constrained to move in the 
vertical and horizontal tracks. If the slotted arm is causing A 
to move downward at vy, determine the velocity of B as a 
function of 0. 


Position Coordinate Equation: 


h 
tan@ = — 
x 


Time Derivatives: 
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16-43. End A of the bar moves to the left with a constant 
velocity v4. Determine the angular velocity w and angular 
acceleration @ of the bar as a function of its position x. 


Position Coordinate Equation: From the geometry. 


r 


sin 6 
Time Derivatives: Taking the time derivative of Eq.[1], we have 


dx r cos 6d0 


—=- 2 
dt r sin’ 6 dt 7] 


‘ ae ae dx dé 
Since vp is directed toward positive x, then a Ue Also, ae From the 
r rar 
geometry, sin @ = — and cos @ = —————. Substitute these values into Eq.[2], we 
x x 
have 


‘2 a ), 


(r/x)? 


o> ~\ — ——— ]V’, 
xVx- 9? 
Taking the time derivative of Eq. [2], we have 
P_. [of A+ eos* 6 (2) ane gt 9 
sin’ 6 sin 0 dt dt? 


2, 
0 . : 
Here, Ba = a= Oand moe Substitute into Eq.[3], we have 


1 + cos? 
= ar xcos 
sin 0 


3 
«= (Loe 2), 4] 


sin 6 cos 6 


r 9 r 
However, sin @ = —, cos @ = and w = —| —~=—— ]v,. Substitute 
x x xVx-— 9 


these values into Eq.[4] yields 


“ r(2x* — r) , 
o (x2 — Pp? VA 
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*16-44. Determine the velocity and acceleration of the 
plate at the instant @ = 30°, if at this instant the circular cam 
is rotating about the fixed point O with an angular velocity 
w = 4rad/s and an angular acceleration a = 2 rad/s’. 


Position Coordinate Equation: From the geometry, 


x = 0.12 siné + 0.15 


Time Derivatives: Taking the time derivative of Eq. [1], we have 


dx dé 
ae 0.12 cos 6 a 


d d 
However v = and w = < From Eq.[2], 


v = 0.12 cos 6 [3] 


At the instant 9 = 30°, w = 4 rad/s, then substitute these values into Eq.[3] yields 


v = 0.12(4) cos 30° = 0.416 m/s Ans, 


Taking the time derivative of Eq. [3], we have 


d 
= 0.12( cos 0 sacle w sin 0) 
dt 


H ae ca A? ame [4] 
Owever a = Ae anda = ae rom Eq. 5 


a= 0.12(a cos 8 — w*sin 0) [5] 


At the instant 6 = 30°, w = 4rad/s and a = 2 rad/s’, then substitute these values 
into Eq.[5] yields 


a = 0.12(2 cos 30° — 4? sin 30°) = —0.752 m/s” Ans. 


Note: Negative sign indicates that a is directed in the opposite direction to that of 
positive x. 
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016-45. At the instant 6 = 30°, crank AB rotates with an 
angular velocity and angular acceleration of w = 10 rad/s 
and aw = 2 rad/s”, respectively. Determine the velocity and 
acceleration of the slider block C at this instant. Take 
a=b=03m. 


Position Coordinates: Due to symmetry, ¢ = 6. Thus, from the geometry shown in 
Fig. a, 


X¢ = 2[0.3 cos 6]m = 0.6 cos 9m 
Time Derivative: Taking the time derivative, 
Ve = XC = (—0.6 sin 60) m/s 
When 6 = 30°,6 = w = 10 rad/s Thus, 
Vc = —0.6 sin 30°(10) = —3 m/s = 3 m/s<— 
The time derivative of Eq. (1) gives 
ag = Xc = —0.6(sin 60 + cos 06”) m/s? 


When 6 = 30°, 6 = a = 2 rad/s’, and 6 = 10 rad/s. Thus, 


ac = —0.6|sin 30°(2) + cos 30°(107)] 


—52.6 m/s” = 52.6 m/s*<— 


The negative sign indicates that v, and a, are in the negative sense of x. 
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16-46. At the instant 6 = 30°, crank AB rotates with an 
angular velocity and angular acceleration of w = 10 rad/s 
and a = 2rad/s*, respectively. Determine the angular 
velocity and angular acceleration of the connecting rod BC 
at this instant. Take a = 0.3m and b = 0.5m. 


Position Coordinates: The angles 9 and ¢ can be related using the law of sines and 
referring to the geometry shown in Fig. a. 


sing sind 
03 05 


sin @ = 0.6 sin @ 
When 6 = 30°, 
¢ = sin! (0.6 sin 30°) = 17.46° 
Time Derivative: Taking the time derivative of Eq. (1), 
cos fb = 0.6 cos 60 


- _0.6cos@ « 
wpe = > err au 


When 6 = 30°, ¢ = 17.46° and 6 = 10 rad/s, 


0.6 cos 30° 
cos 17.46° 


onc = 6 = (10) = 5.447 rad/s = 5.45 rad/s 


The time derivative of Eq. (2) gives 


cos bd — sin od? = 0.6(cos 60 — sin 06”) 


ic 0.6(cos 66 — sin 00°) + sin od? 


cos b 


OBC 


When 6 = 30°,¢ = 17.46°, 6 = 10 rad/s, ¢ = 5.447 rad/s and@ =a = 2 rad/s”, 
0.6[ cos 30°(2) — sin 30°(10?)] + sin 17.46°(5.447?) 


eg cos 17.46° 


= —21.01 rad/s” 


The negative sign indicates that agc acts counterclockwise. 


548 


91962_06_s16_p0513-0640 6/8/09 2:36 PM Page 549 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-47. The bridge girder G of a bascule bridge is raised 
and lowered using the drive mechanism shown. If the 
hydraulic cylinder AB shortens at a constant rate of 
0.15 m/s, determine the angular velocity of the bridge girder 
at the instant 0 = 60°. 


Position Coordinates: Applying the law of cosines to the geometry shown in Fig. a, 
s? = 3 + 5? — 2(3)(5)cos (180°—6) 
s? = 34 — 30cos (180°-8) 
However, cos (180°-0) = —cos 0. Thus, 
s° = 34 + 30 cos @ 
Time Derivatives: Taking the time derivative, 
2s8 = 0 + 30(—sin 68) 
ss = —15sin 00 qd) 


When 6 = 60°, s = V34+30cos 60° = 7m. Also, s = —0.15 m/s since 5 is directed 
towards the negative sense of s. Thus, Eq. (1) gives 


7(—0.15) = —15sin 60°6 


w = 6 = 0.0808 rad/s 
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*16—-48. The man pulls on the rope at a constant rate of 
0.5m/s. Determine the angular velocity and angular 
acceleration of beam AB when 6 = 60°. The beam rotates 
about A. Neglect the thickness of the beam and the size of 
the pulley. 


Position Coordinates: Applying the law of cosines to the geometry, 


s° = 6 + 6’—2(6)(6)cos 0 
e= (72- 72COS g) m? 
Time Derivatives: Taking the time derivative, 
2s = 0-—72(—sin 66) 
ss = 36 sin 00 () 
Here, s = —0.5 m/s since s acts in the negative sense of s. When 6 = 60°, 
s = V72—72cos 60° = 6 m. Thus, Eq. (1) gives 
6(—0.5) = 36 sin 60°0 


w = 6 = —0.09623 rad/s — 0.0962 rad/s Ans, 


The negative sign indicates that w acts in the negative rotational sense of 9. The time 
derivative of Eq.(1) gives 


sste=a 36( sin 60 + cos 00?) (2) 


Since s is constant, s = 0.When @ = 60°. 


6(0) + (-0.5)° = 36 sin 60° 6 + cos 60° (0.09603) 


a = 6 = 0.00267 rad/s* 
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°16-49. Peg B attached to the crank AB slides in the slots 
mounted on follower rods, which move along the vertical 
and horizontal guides. If the crank rotates with a constant 
angular velocity of w = 10 rad/s, determine the velocity 
and acceleration of rod CD at the instant @ = 30°. 


Position Coordinates: From the geometry shown in Fig.a, 
xp = 3cos 6 ft 
Time Derivative: Taking the time derivative, 
Vcp = Xp = —3sin 60 ft/s 


Here, 6 = w = 10 rad /s since w acts in the positive rotational sense of 6. When 
0 = 30°, 


vep = —3sin 30° (10) = -15 ft/s = 15 ft/s— Ans. 
Taking the time derivative of Eq.(1) gives 
acp = XzR = -3( sin 60 + cost 


Since o is constant, 6 = a = 0. When 6 = 30°, 


acp = 3 sin 30°(0) + cos 30° (10 


—259.80 ft/s = 260 ft/s? <— Ans. 


The negative signs indicates that vp and ac, act towards the negative sense of Xp. 
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16-50. Peg B attached to the crank AB slides in the slots 
mounted on follower rods, which move along the vertical 
and horizontal guides. If the crank rotates with a constant 
angular velocity of w = 10 rad/s, determine the velocity 
and acceleration of rod EF at the instant 6 = 30°. 


Position Coordinates: From the geometry shown in Fig.a, 


yp = 3sin oft 


Time Derivatives: Taking the time derivative, 
Ver = Yp = 30s O0ft/s (65) 


Here, 0 = w = 10 rad/s since acts in the positive rotational sense of 6. When 
0 = 30°, 


Ver = 3.cos 30°(10) = 25.98 ft/s = 26 ft/s? Ans. 


The time derivative of Eq.(1) gives 


arr = YR = 3] cos 66 — sin ai ft/s’ 


Since w is constant, = a = 0.When 6 = 30°, 
Agr = 3] cos 30°(0) — sin 30°10) 
= —150 ft/s? = 150 ft/s?l 


The negative signs indicates that a,,,, acts towards the negative sense of yp. 


16-51. If the hydraulic cylinder AB is extending at a 
constant rate of 1ft/s, determine the dumpster’s angular 
velocity at the instant 6 = 30°. 


Position Coordinates: Applying the law of cosines to the geometry shown in Fig. a, 


s* = 15? + 12” — 2(15)(12) cos 6 


s* = (369 — 360 cos 6) ft? (1) 


Time Derivatives: Taking the time derivative, 

28s = 360 sin 00 

ss = 180 sin 60 (2) 
s = +1 ft/s since the hydraulic cylinder is extending towards the positive sense of s. 
When 6 = 30°, from Eq. (1), s = V369 — 360 cos 30° = 7.565 ft. Thus, Eq.(2) gives 


7.565(1) = 180 sin 30° 


6 = 0.0841 rad/s 
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*16-52. If the wedge moves to the left with a constant 
velocity v, determine the angular velocity of the rod as a 
function of 0. 


Position Coordinates: Applying the law of sines to the geometry shown in Fig. a, 


XA _ L 
sin(d — 9)  sin(180° — ¢) 
Lsin(¢ — @) 


sin(180° — ¢) 


xa = 


However, sin(180° - o) = sind. Therefore, 
_ Lsin(¢ — 8) 
na sin b 
Time Derivative: Taking the time derivative, 


_ Leos (¢ — 6)(—6) 
se sin b 


L cos (¢ — 0)0 
phe le sin d 


qd) 
Since point A is on the wedge, its velocity is v, = —v. The negative sign indicates 
that v, is directed towards the negative sense of x ,. Thus, Eq. (1) gives 


2 vsind 
a. Lcos (¢ — 6) 


¢16-53. At the instant shown, the disk is rotating with an 
angular velocity of w and has an angular acceleration of a. 
Determine the velocity and acceleration of cylinder B at 
this instant. Neglect the size of the pulley at C. 


s = V3? + 5? — 2(3)(5) cos 6 


1 é 
vp = § = 5 B4 — 30 cosa) 2(30 sin 0)0 


_ 15 w sin é 
ee 
(34 — 30 cos 6)? 


1 : ent 
. _ cos 66 + 15w sin @ (-}) ase re ay(20 ae w) 


\/34 — 30 cos 8 2 
34 — 30 cos 6 (34 — 30 cos @)? 


15 (@ cos 0 + asin @) 225 w’ sin? 6 
(34 — 30cos 6)? (34 — 30.cos 0)? 
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16-54. Pinion gear A rolls on the fixed gear rack B with an 
angular velocity @ = 4 rad/s. Determine the velocity of the 
gear rack C. 


Vo = Vp t Vc/B 


(+) ve=0+ 4(0.6) 


vc = 2.40 ft/s 


Vo = Vp + w X Ici 
—vci = 0 + (4k) X (0.6j) 


Vc = 2.40 ft/s 


16-55. Pinion gear A rolls on the gear racks B and C. If B 
is moving to the right at 8 ft/s and C is moving to the left at 
4 ft/s, determine the angular velocity of the pinion gear and 
the velocity of its center A. 


Vo = Vat Vo/B 


—4 = 8 — 0.6(w) 
w = 20 rad/s 

Va = Ve t+ Vays 
v4 = 8 — 20(0.3) 


VA = 2 ft/s i 


Vo = Vp t+ @ X Icjp 

—4i = 81 + (wk) X (0.6j) 
-4=8 —- 0.60 

w = 20 rad/s 

VA = Vp t+ @ X rap 

vai = 8i + 20k X (0.3j) 


VA = 2 ft/s =~ 
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*16-56. The gear rests in a fixed horizontal rack. A cord is 
wrapped around the inner core of the gear so that it 
remains horizontally tangent to the inner core at A. If the 
cord is pulled to the right with a constant speed of 2 ft/s, 
determine the velocity of the center of the gear, C. 


VA =Vpt VA/D 


2 | =0+ [o(1.5)| 
(+) 2=15@ w= 1.33 rad/s 


Vo = Vp + Vcjp 


fue ]=0+ [1230] 
(+) uc = 1.33 ft/s > 


4 Ye2inb 


°16-57. Solve Prob. 16-56 assuming that the cord is 
wrapped around the gear in the opposite sense, so that the 
end of the cord remains horizontally tangent to the inner 
core at B and is pulled to the right at 2 ft/s. 


Vp = Vp a VB/D 


ie) Poa 


2 = 0.50 w = 4rad/s 


Vo =Vpt VoD 


=e fo) 


Uc = 4 ft/s 2 


= W(0.5) 
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16-58. A bowling ball is cast on the “alley” with a 
backspin of w = 10 rad/s while its center O has a forward 
velocity of vo = 8 m/s. Determine the velocity of the 
contact point A in contact with the alley. 


=Vo + VA/o 


= 8 + 10(0.12) 


= 9.20 m/s > 


Va = Vo + @ X Tajo 
vai = 8i+ (10k) X (—0.12j) 


v4 = 9.20 m/s > 


No Unig © io 
=10(0-12) 


16-59. Determine the angular velocity of the gear and the 
velocity of its center O at the instant shown. 


General Plane Motion: Applying the relative velocity equation to points B and C 
and referring to the kinematic diagram of the gear shown in Fig. a, 


Vp = Vo + @ X ¥pic 


3i = —4i + (—wk) x (2.25j) 


3i = (2.25 — 4)i 


Equating the i components yields 
3 = 2.25m — 4 () 
w = 3.111 rad/s Ans. (2) 
For points O and C, 
Yo = Vo + & X Yojc 
—4i + (—3.111k) x (1.5j) 


[0.6667i] ft/s 


vo = 0.667 ft/s > 
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*16-60. Determine the velocity of point A on the rim of 
the gear at the instant shown. 


General Plane Motion: Applying the relative velocity equation to points B and C 
and referring to the kinematic diagram of the gear shown in Fig. a, 


Vp = Vo + @ X tp 
3i = —4i + (—wk) x (2.25j) 
3i = (2.25 — 4)i 
Equating the i components yields 
3 = 2.25w — 4 
w = 3.111 rad/s 
For points A and C, 
VA =Vo+ @X Fac 
(v4)ei+ (va)y§ = —4i + (-3.111k) x (—1.061i + 2.561j) 
(va)ei + (va)y§ = 3.9665: + 3.2998; 


Equating the i and j components yields 


(va)x = 3.9665 ft/s (v4)y = 3.2998 ft/s 


Thus, the magnitude of v, is 


va = V(va)x? + (va)y? = V3.9665" + 3.2998? = 5.16 ft/s 


and its direction is 


6 = tan! 
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¢16-61. The rotation of link AB creates an oscillating 
movement of gear F. If AB has an angular velocity of 
wap = 6 rad/s, determine the angular velocity of gear F at 
the instant shown. Gear E is rigidly attached to arm CD and 
pinned at D to a fixed point. 


Kinematic Diagram: Since link AB and arm CD are rotating about the fixed points 
A and D respectively, then vp, and v_ are always directed perpendicular their their 
respective arms with the magnitude of vg = wygrapz = 6(0.075) = 0.450 m/s and 
Uc = ®cpIcp = 0.15@¢p. At the instant shown, Vv, and vy, are directed toward 
negative x axis. 


Velocity Equation: Here, rgjc = {—0.1 cos 30° + 0.1 sin 30°j} m = {—0.08660i 
+ 0.05j} m. Applying Eq. 16-16, we have 


Vo = Vg t+ @pgc X cB 


—0.4501 = —0.15@cpi + (wgck) X (0.086601 + 0.05j) 


Equating i and j components gives 
0= 0.08660 2c WBC — 0 


—0.450 = —[0.05(0) + 0.15@cp] cp = 3.00 rad/s 


Angular Motion About a Fixed Point: The angular velocity of gear E is the same 
with arm CD since they are attached together. Then, wz = wcp = 3.00 rad/s. Here, 
Ele = Wr rp where wz is the angular velocity of gear F. 


100 
Cpe fre ( }@.00) = 12.0 rad/s 


lr 25 


558 


91962_06_s16_p0513-0640 6/8/09 2:37 PM Page 559 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-62. Piston P moves upward with a velocity of 300 in./s vp = 300 in./s 
at the instant shown. Determine the angular velocity of the 
crankshaft AB at this instant. 


From the geometry: 


cos 6 = 1s) 7 a 6 = 81.66° 


For link BP 
vp = {300j} in/s Vg = —vgcos 30°% + vg sin 3075 @ = —wppk 
Ip/p = {—5 cos 81.66°% + 5 sin 81.66°j} in. 


Vp = Va t+ @ X ¥p/z 


300j = (—vg cos 30° + vg sin 30°j) + (—wgpk) X (—Scos 81.66° + 5 sin 81.66°j) 


300j = (—vg cos 30° + 5 sin 81.66°wgp)i + (vg sin 30° + 5 cos 81.66° wgp)j 
Equating the i and j components yields: 


0 = —vgcos 30° + 5 sin 81.66° wgp 


300 = vg sin 30° + 5 cos 81.66° wzp 
Solving Eqs. (1) and (2) yields: 
@pp = 83.77 rad/s ug = 478.53 in./s 
For crankshaft AB: Crankshaft AB rotates about the fixed point A. Hence 


UB = MABl AaB 


478.53 = w p(1.45) WAB = 330 rad/s S 
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16-63. Determine the velocity of the center of gravity G vp = 300 in./s 
of the connecting rod at the instant shown. Piston P is 
moving upward with a velocity of 300 in./s. 


From the geometry: 


cos 8 = a = a 0 = 81.66° 


For link BP 

vp = {300j} in/s VB = —ug cos 30% + vg sin 3075 w = —appk 

Ypjp = {—5 cos 81.66°% + 5 sin 81.66°j} in. 

Vp = Vp + w X tpg 

300j = (—vg cos 30° + vg sin 30°j) + (~wgpk) X (—S cos 81.66°I + 5 sin 81.66°j) 
300j = (—vg cos 30° + 5 sin 81.66° wgp)i + (vgsin 30° + 5 cos 81.66° wzp)j 
Equating the i and j components yields: 


0 = —vegcos 30° + 5 sin 81.66° wep 


300 = vz sin 30° + 5 cos 81.66° wap 
Solving Eqs. (1) and (2) yields: 
@pp = 83.77 rad/s ug = 478.53 in./s 
vp = {300j} in/s w = {—83.77k} rad/s 
¥cjp = {2.25 cos 81.66°I — 2.25 sin 81.66°)} in. 
VG = Vp + @ X IGip 
= 300j + (—83.77k) X (2.25 cos 81.66% — 2.25 sin 81.66%) 


= {-186.49i + 272.67j} in./s 


vg = V(—186.49)2 + 272.672 = 330 in./s 


= tan-1( 227) = 55.6° & 
186.49 
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*16-64. The planetary gear system is used in an automatic 
transmission for an automobile. By locking or releasing 
certain gears, it has the advantage of operating the car at 
different speeds. Consider the case where the ring gear R is 
held fixed, wr = 0, and the sun gear S is rotating at 
ws = 5 rad/s. Determine the angular velocity of each of the 
planet gears P and shaft A. 


va = 5(80) = 400 mm/s <— 
vga = 0 
VeB = Vat @ X Fp, 
—400i + (w, k) x (80j) 
—400i — 80, i 
wp = —Srad/s = 5 rad/s 
Vo = Vp + w X Ic/B 


Vo = 0 + (—5k) X (—40j) = —200i 


200 
OF hiags 1.67 rad/s 


¢16-65. Determine the velocity of the center O of the spool 
when the cable is pulled to the right with a velocity of v. The 
spool rolls without slipping. 


Kinematic Diagram: Since the spool rolls without slipping, the velocity of the 
contact point P is zero. The kinematic diagram of the spool is shown in Fig. a. 


General Plane Motion: Applying the relative velocity equation and referring to Fig. a, 


Vp = Vp + @ X Fpip 


vi = 0 + (—ok) x [(R — nj] 


vi = o0o(R — r)i 
Equating the i components, yields 


v= @(R- 1) 


Using this result, 
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16-66. Determine the velocity of point A on the outer rim 
of the spool at the instant shown when the cable is pulled to 
the right with a velocity of v. The spool rolls without 


slipping. 


Kinematic Diagram: Since the spool rolls without slipping, the velocity of the 
contact point P is zero. The kinematic diagram of the spool is shown in Fig. a. 


General Plane Motion: Applying the relative velocity equation and referring to Fig. a, 


Vp = Vp + @ X Fpip 


vi = 0 + (ok) x [(R - n)j] 


vi = a(R — r)i 
Equating the i components, yields 


v= a(R -1r) 


Using this result, 
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16-67. The bicycle has a velocity v = 4 ft/s, and at the 
same instant the rear wheel has a clockwise angular velocity 
w = 3 rad/s, which causes it to slip at its contact point A. 
Determine the velocity of point A. 


2) 


VA 2.5 ft/s S 
Also, 


Va = Vo +t @X Pye 


26 
vA = 4i + (—3k) x (-3i) 


v4 = 4i — 6.5i = -2.5i 


VA = 2.5 ft/s = 


*16-68. If bar AB has an angular velocity w4z = 4 rad/s, 
determine the velocity of the slider block C at the instant 
shown. 


For link AB: Link AB rotates about a fixed point A. Hence 
UB = WyaBl AaB = 4(0.15) = 0.6 m/s 


150 mm 


For link BC 


a wap = 4rad/s 
vz = {0.6 cos 30°i — 0.6 sin 30°j}m/s Vo = Udi w = wgck Ag ar 
Ic/p = {—0.2 sin 30° + 0.2 cos 30°j} m B 
Vo = Va + @ X Icjz 
uci = (0.6 cos 30°% — 0.6 sin 30°j) + (wgck) X (—0.2 sin 30° + 0.2 cos 30°F) 
uci = (0.5196 — 0.1732wgc)i — (0.3 + 0.1wgc)j 
Equating the i and j components yields: 


0 = 0.3 + 0.lwgc @pc = —3 rad/s 


vce = 0.5196 — 0.1732(—3) = 1.04m/s > 
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°16-69. The pumping unit consists of the crank pitman 
AB, connecting rod BC, walking beam CDE and pull rod F. 
If the crank is rotating with an angular velocity of 
w = 10rad/s, determine the angular velocity of the 
walking beam and the velocity of the pull rod EFG at the 
instant shown. 


Rotation About a Fixed Axis: The crank and walking beam rotate about fixed axes, 
Figs. a and b. Thus, the velocity of points B, C, and E can be determined from 


vg = @ X rg = (-10k) x (4i) = | —40j]ft/s 


Vc = Weng X rpc = (wcpek) X (-6i + 0.75j) = —0.71Swcpei — 6wcpzi 
Ve = @cpE X Tp = (wcpek) x (6i) = 6acpzj () 


General Plane Motion: Applying the relative velocity equation and referring to the 
kinematic diagram of link BC shown in Fig. c, 


Vo = VB t+ Wc X ¥cjz 
—0.75@cpri -— 6@cpej = —40j + (@eck) X (—7.5cos 75° i + 7.5sin 75° j) 
—0.75ecpgi — 6acpEj = —7.244@gc i — (1.941 lwgc + 40)j 
Equating the i and j components 
—0.75e@cpg = —7.244aRc 

—6wcpre = —(1.9411wgc + 40) 
Solving Egs. (1) and (2) yields 
@gc = 0.714 rad/s ®cpE = 6.898 rad/s = 6.90 rad/s 
Substituting the result for w¢p,z into Eq. (1), 


Ve = 0(6.898) = [41.39j] ft/s 


Ve = 41.4 ft/s T 
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16-70. If the hydraulic cylinder shortens at a constant rate 
of vc = 2 ft/s, determine the angular velocity of link ACB 
and the velocity of block B at the instant shown. 


General Plane Motion: Applying the relative velocity equation to points B and C 
and referring to the kinematic diagram of link ABC shown in Fig. a, 


Va = Vo + wX Fac 


Vgj = —2i + (—-@k) X (—4 cos 60° + 4 sin 60° j) 


Vpj = (3.464 — 2)i + 2aj 
Equating the i and j components yields 
0 = 3.4640 — 2 
Vp = 20 
Solving, 
w = 0.577 rad/s 


vg = 1.15ft/s Tt 


16-71. Ifthe hydraulic cylinder shortens at a constant rate 
of vc = 2 ft/s, determine the velocity of end A of link ACB 
at the instant shown. 


General Plane Motion: First, applying the relative velocity equation to points B and 
C and referring to the kinematic diagram of link ABC shown in Fig. a, 


VB = Vo + w X Fic 


Vgj + —2i + (-ak) X (—4 cos 60° i + 4 sin 60° j) 


Vpj = (3.464@ — 2)i + 2aj 
Equating the i components yields 
0 = 3.464 — 2 w = 0.5774 rad/s 


Then, for points A and C using the result of w, 


Va = Vo + @ X Laie 


(va)xi + (va)yj = —2i + (—0.5774k) X (4 cos 60° i + 4 sin 60° j) 


(Va)xi Tr (va)yJ = —1.1547j 


Equating the i and j components yields 


(v4)x = 0 (va)y = —1.1547 ft/s = 1.1547 ft/s | 


va = (va)y = 1.15 ft/s! 
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*16-72. The epicyclic gear train consists of the sun gear A 
which is in mesh with the planet gear B. This gear has an 
inner hub C which is fixed to B and in mesh with the fixed 
ring gear R. If the connecting link DE pinned to B and C is 
rotating at wp, = 18 rad/s about the pin at E, determine 
the angular velocities of the planet and sun gears. 


Vp = pr ®pe = (0.5)(18) = 9 m/s t 

The velocity of the contact point P with the ring is zero. 
Vp = Vp + @ X Ipyp 

9j = 0 + (~wgk) X (-0.1i) 

wg = 90rad/s OD 

Let P’ be the contact point between A and B. 


Vp) =Vp+wxX Ip/p 


vp j = 0 + (—90k) x (—0.4i) 


vp = 36 m/s T 


ie ee 
oO, = 02 180 rad/s 5 
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e16-73. If link AB has an angular velocity of 
wap = 4 rad/s at the instant shown, determine the velocity 
of the slider block EF at this instant. Also, identify the type of 
motion of each of the four links. 


Link AB rotates about the fixed point A. Hence 
UB = apr ap = 4(2) = 8 ft/s 
For link BD 
Vg = {—8 cos 60° — 8 sin 60° j} ft/s Vp = —vpi Bp = &ppk 
Tpjp = {li} ft 
Vp = Vg + gp X YpjB 
—upi = (—8 cos 60°i — 8 sin 60°j) + (wgpk) X (1i) 


—vpi = —8 cos 60°% + (wgp — 8 sin 60°)j 


(+) —vp = —8 cos 60° Up = 4 ft/s 


(+1) 0= agp — 8 sin 60° pp = 6.928 rad/s 
For Link DE 
Vp = {-4i} ft/s = pe = @pek — Vg = —vgi 
Tejp = {2 cos 30°% + 2 sin 30°9} ft 
Ve = Vp + pe X Yep 
—vupi = —4i + (wpgk) X (2 cos 30° + 2 sin 30°j) 
—vzi = (—4 — 2 sin 30° wpz)i + 2 cos 30°wpzj 


0 = 2 cos 30° ODE ODE = 0 


vp = —4 — 2sin 30°(0) Up = 4ft/s 
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16-74. At the instant shown, the truck travels to the right at 
3 m/s, while the pipe rolls counterclockwise at w = 8 rad/s 
without slipping at B. Determine the velocity of the pipe’s 
center G. 


VG = Vet VG/B 


3 | i [1.5(8)] 


Vg = 9m/s — 
Also: 


Vg = Ver w xX IG/B 


voi = 3i + (8k) X (1.5j) 
Vg =3-12 


Vg = —9m/s = 9m/s — 


16-75. At the instant shown, the truck travels to the right 
at 8 m/s. If the pipe does not slip at B, determine its angular 
velocity if its mass center G appears to remain stationary to 
an observer on the ground. 


Vo = Vp + VYa/B 


5 


Oi = 8i + (wk) X (1.5j) 
0=8- 1.50 


8 
om ae = 5.33 rad/s 5 
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*16-76. The mechanism of a reciprocating printing table 


is driven by the crank AB. If the crank rotates with an 1a 


angular velocity of # = 10 rad/s, determine the velocity of Re reenter 
point C at the instant shown. ae D 


Rotation About a Fixed Axis: Referring to Fig. a, 
Vp =wrXtrtpg 
= (—10k) X (—0.5cos 45° i + 0.5sin 45°j) 
= [3.5361 + 3.536j] m 
General Plane Motion: Applying the law of sines to the geometry shown in Fig. b, 


sing _ sin 135° 


ae ; & = 20.70 


Applying the relative velocity equation to the kinematic diagram of link BC shown 
in Fig. c, 
Vp =Vco t+ @pc X TB/C 


3.5361 + 3.536) = vci + (—wgck) X (—1 cos 20.70° i + 1 sin 20.70° j) 


3.5361 + 3.536j = (vc + 0.3536wg¢)i + 0.93540R¢ j 


Equating the i and j components yields, 
3.536 = Vc eB 0.35360 Rc 


3.536 = 0.9354ag¢ 


Solving, 
= 3.780 rad/s 


= 2.199 m/s 
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°16-77. The planetary gear set of an automatic 
transmission consists of three planet gears A, B, and C, 
mounted on carrier D, and meshed with the sun gear E and 
ring gear F. By controlling which gear of the planetary set 
rotates and which gear receives the engine’s power, the 
automatic transmission can alter a car’s speed and 
direction. If the carrier is rotating with a counterclockwise 
angular velocity of wp = 20 rad/s while the ring gear is 
rotating with a clockwise angular velocity of wr = 10 rad/s, 
determine the angular velocity of the planet gears and the 
sun gear. The radii of the planet gears and the sun gear are 
45 mm and 75 mm, respectively. 


Rotation About a Fixed Axis: Here, the ring gear, the sun gear, and the carrier 
rotate about a fixed axis. Thus, the velocity of the center O of the planet gear and the 
contact points P’ and P with the ring and sun gear can be determined from 


Vo = @pro = 20(0.045 + 0.075) = 2.4m/s — 


vp = wtp = 10(0.045 + 0.045 + 0.075) = 1.65 m/s > 
Vp = WE'E = w (0.075) = 0.0750; 


General Plane Motion: First, applying the relative velocity equation for O and P’ 
and referring to the kinematic diagram of planet gear A shown in Fig. a, 


Vo = Vp + wa X Yoyp' 


2.41 = 1.651 + (—w4k) X (—0.045j) 


—2.4i = (1.65 — 0.045w,)i 


—2.4 = 1.65 — 0.0454 


w, = 90 rad/s 


Using this result to apply the relative velocity equation for P’ and P, 


Vp = Vp’ a WA x p/p’ 
~0.075wpi = 1.651 + (—90j) x (—0.09j) 


—0.075w,i = —6.45i 


—0.0750, = —6.45 @p = 86 rad/s 
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16-78. The planetary gear set of an automatic transmission 
consists of three planet gears A, B, and C, mounted on carrier 
D, and meshed with sun gear E and ring gear F. By 
controlling which gear of the planetary set rotates and which 
gear receives the engine’s power, the automatic transmission 
can alter a car’s speed and direction. If the ring gear is held 
stationary and the carrier is rotating with a clockwise angular 
velocity of wp = 20 rad/s, determine the angular velocity of 
the planet gears and the sun gear. The radii of the planet 
gears and the sun gear are 45 mm and 75 mm, respectively. 


Rotation About a Fixed Axis: Here, the carrier and the sun gear rotate about a fixed 
axis. Thus, the velocity of the center O of the planet gear and the contact point P 
with the sun gear can be determined from 


Vo = @prp = 20(0.045 + 0.075) = 2.4m/s 


Vp = WE'E = WE (0.075) = 0.07505 


General Plane Motion: Since the ring gear is held stationary, the velocity of the 
contact point P’ with the planet gear A is zero. Applying the relative velocity 
equation for O and P’ and referring to the kinematic diagram of planet gear A 
shown in Fig. a, 


Vo = Vp’ + WA x To/P' 
2.41 = 0 + (w4k) X (—0.045j) 


2.41 = 0.0454 i 


2.4 = 0.04504 


w, = 53.33 rad/s = 53.3 rad/s 


Using this result to apply the relative velocity equation for points P’ and P, 


Vp = Vp’ + WA x p/p’ 
0.075w, i = 0 + (53.33k) X (—0.09j) 


0.075w¢i = 4.81 


0.075w¢ = 4.8 


@p = 64 rad/s 


571 


91962_06_s16_p0513-0640 6/8/09 2:40 PM Page 572 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-79. If the ring gear D is held fixed and link AB rotates 
with an angular velocity of w4g = 10 rad/s, determine the 
angular velocity of gear C. 


Rotation About a Fixed Axis: Since link AB rotates about a fixed axis, Fig. a, the 
velocity of the center B of gear C is 


VB = WaBlaB= 10(0.375) = 3.75 m/s 


General Plane Motion: Since gear D is fixed, the velocity of the contact point P 
between the gears is zero. Applying the relative velocity equation and referring to 
the kinematic diagram of gear C shown in Fig. b, 


VB = Vp E Wc x Tp/p 
3.751 = 0 + (wk) X (0.125j) 


~3.75i = —0.125wci 


—3.75 = —0.125w¢ 


@c = 30 rad/s 


*16-80. If the ring gear D rotates counterclockwise with 
an angular velocity of wp = 5 rad/s while link AB rotates 
clockwise with an angular velocity of w,4, = 10 rad/s, 


determine the angular velocity of gear C. 
0.5 m 


Rotation About a Fixed Axis: Since link AB and gear D rotate about a fixed axis, A 
Fig. a, the velocity of the center B and the contact point of gears D and C is 


VB = WaBrlR= 10(0.375) = 3.75 m/s 


Vp Oplp 5(0.5) 2.5 m/s 


General Plane Motion: Applying the relative velocity equation and referring to the 
kinematic diagram of gear C shown in Fig. b, 


Vp = Vp t+ @ X 'B/P 
-3.751 = 2.51 + (ck) (0.1259) 


~3.751 = (2.5 — 0.125a¢)i 


3.75 = 2.5 — 0.125w¢ 


@c = 50 rad/s 
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°16-81. If the slider block A is moving to the right at 
va = 8 ft/s, determine the velocity of blocks B and C at 
the instant shown. Member CD is pin connected to 
member ADB. 


Kinematic Diagram: Block B and C are moving along the guide and directed 
towards the positive y axis and negative y axis, respectively. Then, vg = vgj and 
Vc = —vucj. Since the direction of the velocity of point D is unknown, we can 
assume that its x and y components are directed in the positive direction of their 
respective axis. 


Velocity Equation: Here, rg/4 = {4cos 45° + 4 sin 45°j} ft = {2.8281 + 2.828)} ft 
and rpj, = {2 cos 45° + 2 sin 45°j} ft = {1.414i + 1.414j} ft. Applying Eq. 16-16 to 
link ADB, we have 


Va = Vat Wasps X ¥p/a 
ugj = 81+ (Wapgk) X (2.8281 + 2.828j) 
upj = (8 — 2.828 4pg) i + 2.8280 4pp5 
Equating i and j components gives 
0 = 8 — 2.828 Ang 
vp = 2.8280 ,4pR 
Solving Eqs.[1] and [2] yields 
@app = 2.828 rad/s 
vg = 8.00 ft/s T 
The x and y component of velocity of vp are given by 
Vp = Va + Maps X Yp/A 
(up)yi + (vp)yj = 81 + (2.828k) x (1.4145 + 1.4149) 
(up)xi + (vp)yj = 4.001 + 4.00j 
Equating i and j components gives 


(vp) = 4.00 ft/s (vp), = 4.00 ft/s 


Here, rcyp = {—2 cos 30° + 2 sin 30°j} ft = {-1.732i + 1j} ft. Applying Eq. 16-16 
to link CD, we have 


Vo = Vp + ®&cp X Ic/p 


vcj = 4.001 + 4.00] + (wcpk) X (—1.732i + 1j) 


uc j = (4.00 — wep)i t+ (4 — 1.732a¢p) j 
Equating i and j components gives 
0 = 4.00 — wep 
—uc = 4 — 1.732wcp 
Solving Eggs. [3] and [4] yields 
@cp = 4.00 rad/s 


Uc = 2.93 ft/s | 
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16-82. Solve Prob. 16-54 using the method of 
instantaneous center of zero velocity. 


vc = 4rad/s(0.6 ft) = 2.40 ft/s 


16-83. Solve Prob. 16-56 using the method of 
instantaneous center of zero velocity. 


2 
@=765= 1.33 rad/s 


ve = 1(1.33) = 1.33 ft/s > 
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*16-84. Solve Prob. 16-64 using the method of 
instantaneous center of zero velocity. 


vp = (80)(5) = 400 mm/s 


400 
ee i Srad/s 2 


vc = (5)(40) = 200 mm/s 


200 


oO, = (80 + 40) = 1.67 rad/s ») 


a d/ Ye 


e16-85. Solve Prob. 16-58 using the method of w = 10 rad/s 
instantaneous center of zero velocity. 


8 
Tolc = 10 = 0.8m 


va = 10(0.8 + 0.120) = 9.20 m/s 
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16-86. Solve Prob. 16-67 using the method of 
instantaneous center of zero velocity. 


4 
TC/IC == 3 = 1.33 ft 


26 
rajic = = Fz ~ 1.33 ft = 0.833 ft 


va = 3(0.833) = 2.5 ft/s <— 


16-87. Solve Prob. 16-68 using the method of 
instantaneous center of zero velocity. 


Vp = 4(0.150) = 0.6 m/s 


Foc (0.2 
sin 120° sin 30° B 


'C/IC = 0.34641 m 


relic (0.2 


sin 30° sin 30° 
TBIIC =02m 


0.6 
De a 3 rad/s 


Vo = 0.34641(3) = 1.04m/s > 
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*16-88. The wheel rolls on its hub without slipping on the 
horizontal surface. If the velocity of the center of the wheel 
is Uc = 2 ft/s to the right, determine the velocities of points 
A and B at the instant shown. 


vo = &rc/ic 


A) 


w = 8 rad/s 


11 
12 


Va= OF B/IC = a( ) = 7.33 ft/s = 


3V2 


Ya = orate = 8 ) )= 280 


3 
04 = tan-'() = 45°NG 


016-89. If link CD has an angular velocity of 
Wcp = 6 rad/s, determine the velocity of point E on link BC 


and the angular velocity of link AB at the instant shown. 03m 03m 


Vc = Wop (cp) a (6)(0.6) = 3.60 m/s 


Vc 3.60 
= = 10.39 rad 0.6 m 
roc 0.6 tan 30° ak 


®cp= 6 rad/s 2B | 
0.6 i, YY 
VB = WBC TB/IC = (10.39) = 7.20 m/s ; 


cos 30° 


®BC — 


Ve = @gc Ec = 10.39V (0.6 tan 30°)? + (0.3)? = 4.76 m/s 


0.3 
= tan! = 40.9°% 
ete (er) 4 


577 


91962_06_s16_p0513-0640 6/8/09 2:41 PM Page 578 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-90. At the instant shown, the truck travels to the right at 
3 m/s, while the pipe rolls counterclockwise at @ = 6 rad/s 
without slipping at B. Determine the velocity of the pipe’s 
center G. 


Kinematic Diagram: Since the pipe rolls without slipping, then the velocity of point 
B must be the same as that of the truck, i.e; vg = 3 m/s. 


Instantaneous Center: rz;;- must be determined first in order to locate the the 
instantaneous center of zero velocity of the pipe. 


UB = OFrsB/ic 
3 = 6(rBy1c) 


B/IC =05m 


Thus, rgjic = 1.5 — rgyc = 1.5 — 0.5 = 1.00 m. Then 


UG OIG/IC 6(1.00) 6.00 m/s — 


16-91. If the center O of the gear is given a velocity of 
Vo = 10 m/s, determine the velocity of the slider block B at 
the instant shown. 


General Plane Motion: Since the gear rack is stationary, the JC of the gear is located 
at the contact point between the gear and the rack, Fig. a. Here, rgj;¢ = 0.175 m and 
rajic = 0.6m. Thus, the velocity of point A can be determined using the similar 
triangles shown in Fig. a, 


Fajic  Yoysic 


A> oN 


0.3. 0.175 


v4 = 17.143 m/s > 


The location of the JC for rod AB is indicated in Fig. b. From the geometry shown in 
Fig. b, 


TAJIC = 0.6m 
rpjic = 2(0.6 cos 30°) = 1.039m 
Thus, the angular velocity of the gear can be determined from 


VA 17.143 
0.6 


28.57 rad/s 


VB = Wag pic = 28.57(1.039) = 29.7 m/s 
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*16-92. Ifend A of the cord is pulled down with a velocity 
of v4, = 4m/s, determine the angular velocity of the spool 
and the velocity of point C located on the outer rim of 
the spool. 


General Plane Motion: Since the contact point B between the rope and the spool is 
at rest, the JC is located at point B, Fig. a. From the geometry of Fig. a, 


TA/IC = 0.25m 


roc = V0.25° + 0.5° = 0.5590 m 


0.25 
b= tani“) = 26.57° 


Thus, the angular velocity of the spool can be determined from 


4 
A = l6orad/s 
TA/IC 2 


Vo = @rc/IC oe 16(0.5590) = 8.94m/s 


and its direction is 


6 = = 266° 


°16-93. Ifend A of the hydraulic cylinder is moving with a 
velocity of v4 = 3 m/s, determine the angular velocity of 
rod BC at the instant shown. 


Rotation About a Fixed Axis: Referring to Fig. a, 


VB = wgclp = wgc (0.4) 


General Plane Motion: The location of the JC for rod AB is indicated in Fig. b. From 
the geometry shown in this figure, we obtain 


0.4 
Tasic = ess? rasic = 0.5657 m 
pyc = 0.4 tan 45° = 0.4m 


Thus, the angular velocity of rod AB can be determined from 


an TA/IC 0.5657 


= 5.303 rad/s 


VB = M4BlB/IC 
pc (0.4) = 5.303(0.4) 


@gc = 5.30 rad/s 
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16-94. The wheel is rigidly attached to gear A, which is in 
mesh with gear racks D and E. If D has a velocity of 
Up = 6 ft/s to the right and wheel rolls on track C without 
slipping, determine the velocity of gear rack E. 


General Plane Motion: Since the wheel rolls without slipping on track C, the JC is 
located there, Fig. a. Here, 


TD/IC = 2.25 ft TE/IC = 0.75 ft 


Thus, the angular velocity of the gear can be determined from 


Vp 6 
= —— = 2.667 rad/s 
TD/IC 2:2. / 


VE = @rE/IC = 2.667(0.75) = 2 ft/s <— 


16-95. The wheel is rigidly attached to gear A, which is in 
mesh with gear racks D and E. If the racks have a velocity 
of Vp = 6 ft/s and vg = 10 ft/s, show that it is necessary for 
the wheel to slip on the fixed track C. Also find the angular 
velocity of the gear and the velocity of its center O. 


General Plane Motion: The location of the JC can be found using the similar 
triangles shown in Fig. a, 


‘pic 3. — Fpyic 
6 = 490 rpjic = 1.125 ft 


TO/JIC =15 TD/IC =15 1.125 = 0.375ft 


TF/IC = 2.95 TD/IC = 2.25 1.125 = 1.125ft 
Thus, the angular velocity of the gear is 


VD 
TD/IC 1.125 


5.333 rad/s = 5.33 rad/s 


The velocity of the contact point F between the wheel and the track is 


Vr = OF F/IC = 5.333(1.125) = 6 ft/s boos 
Since vy # 0, the wheel slips on the track 


The velocity of center O of the gear is 


Vo = @Foeyic = 5.333(0.375) = 2ft/s — 
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*16-96. If C has a velocity of vc = 3 m/s, determine the 
angular velocity of the wheel at the instant shown. 


Rotation About a Fixed Axis: Referring to Fig. a, 


VB = Owl, = wy(0.15) 


General Plane Motion: Applying the law of sines to the geometry shown in Fig. b, 


sing — sin 45° 


015 0.45 Oy ae? 


The location of the JC for rod BC is indicated in Fig. c. Applying the law of sines to 
the geometry of Fig. c, 


TC/IC 0.45 
sin 58.63° sin 45° 


'C/IC = 0.5434 m 


PBjiC 0.45 
sin 76.37° — sin 45° 


TB/IC = 0.6185 m 


Thus, the angular velocity of rod BC is 


Vo = 3 
TC/IC 0.5434 


= 5.521 rad/s 


WBC — 


VB = OBC TB/IC 
wy(0.15) = 5.521(0.6185) 


@w = 22.8 rad/s 
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¢16-97. The oil pumping unit consists of a walking beam 
AB, connecting rod BC, and crank CD. If the crank rotates 
at a constant rate of 6 rad/s, determine the speed of the rod 
hanger H at the instant shown. Hint: Point B follows a 
circular path about point E and therefore the velocity of B 
is not vertical. 


QQ90000000 


oe ee Ree Hct (ERENT Sire SOREN Heche? Saber 


1.5 
Kinematic Diagram: From the geometry, 0 = tan-'( +2) = 9.462° and 


rep = V¥ + 1.5? = 9.124 ft. Since crank CD and beam BE are rotating about 
fixed points D and E, then v_ and v, are always directed perpendicular to crank CD 
and beam BE, respectively. The magnitude of vc and vp, are 
Uc = Wcplcp = 6(3) = 18.0 ft/s and UB = WBElBE = 9.124w pF. At the instant 
shown, V< is directed vertically while v, is directed with an angle 9.462° with the 
vertical. 


Instantaneous Center: The instantaneous center of zero velocity of link BC at the 
instant shown is located at the intersection point of extended lines drawn 
perpendicular from v, and v_. From the geometry 


10 


_=——_ = 60.83 ft 
"BITC ~ ‘Sin 9.462° 


10 


== _= 600K 
"CHIC =~ tan 9.462° 


The angular velocity of link BC is given by 


UC 18.0 
= —— = —— = 0.300 rad 
TC/IC 60.0 - . 


Thus, the angular velocity of beam BE is given by 

UL =/8-0 ft/s 
UB = BCI B/IC 

9.124wp% = 0.300(60.83) 


pr = 2.00 rad/s 


The speed of rod hanger H is given by 


Uy = @BElEA = 2.00(9) = 18.0 ft/s 
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16-98. If the hub gear H and ring gear R have angular 
velocities w;; = 5 rad/s and wr = 20 rad/s, respectively, 
determine the angular velocity ws of the spur gear S and the 
angular velocity of arm OA. 


x = 0.01304 m 


0.75 


Oe aan = 57.5 rad/s 5 


v4 = 57.5(0.05 — 0.01304) = 2.125 m/s 


=10.6rad/s 5 4 p= Wele 
= 20(0.28)= 5m]s 


\ 


0.2 


= 5(0.15) 
=0.75m/s 


16-99. If the hub gear H has an angular velocity 
wy = 5rad/s, determine the angular velocity of the ring 
gear R so that the arm OA which is pinned to the spur gear 
S remains stationary (wo, = 0). What is the angular 
velocity of the spur gear? 


The IC is at A. 


0.75 
®s = 505 > 15.0 rad/s 


0.75 
Sa a Ujaad 
OR ~ 9.250 rad/s 
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*16-100. If rod AB is rotating with an angular velocity 
wap = 3 rad/s, determine the angular velocity of rod BC at 
the instant shown. 


4 sin 60 ; 2 sin 45 ) aimee 
Since links AB and CD is rotating about fixed points A and D, then vp and v_ are always 


Kinematic Diagram: From the geometry, 6 = sin" 


directed perpendicular to links AB and CD, respectively. The magnitude of vp and v. 
are vg = Wyglapg = 3(2) = 6.00ft/s and ve = weprcp = 4@cp. At the instant 


shown, Vz is directed at an angle of 45° while v_ is directed at 30° 


Instantaneous Center: The instantaneous center of zero velocity of link BC at the 
instant shown is located at the intersection point of extended lines drawn 
perpendicular from v, and v_. Using law of sines, we have 


TB/IC = 3 
sin 103.1° sin 75° 


TB/IC = 3.025 ft 


TC/IC _ 3 
sin 1.898° — sin 75° 


rojic = 0.1029 ft 


The angular velocity of link BC is given by 


UB 6.00 
1.983 rad/s = 1.98 rad 
WBC rele 3025 983 rad/s rad/s 


584 


91962_06_s16_p0513-0640 6/8/09 2:43 PM Page 585 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


°16-101. If rod AB is rotating with an angular velocity 
wp = 3 rad/s, determine the angular velocity of rod CD at 
the instant shown. 


4sin 60° — 2 sin 45° 
= : = ) = 43.10°. 
Since links AB and CD is rotating about fixed points A and D, then vp and v, are 


Kinematic Diagram: From the geometry. 0 = sin" 


always directed perpendicular to links AB and CD, respectively. The magnitude of vp 
and Vo are Ug = WaBplaB = 3(2) = 6.00 ft/s and Uc = Wcplcp = 4wcp. At the 


instant shown, v,, is directed at an angle of 45° while v_ is directed at 30°. 


Instantaneous Center: The instantaneous center of zero velocity of link BC at the 
instant shown is located at the intersection point of extended lines drawn 
perpendicular from v, and v,. Using law of sines, we have 


ea = 3.025 ft 
sin 103.1°  sin75° | B/IC > 


TC/IC 3 
sin 1.898° sin 75° 


rojc = 0.1029 ft 


The angular velocity of link BC is given by 


UB 6.00 
TB/IC 3.025 


®BC 


1.983 rad/s 
Whe 


sane '8) 
Thus, the angular velocity of link CD is given by 16% ») ee 
Us 6-COR/s 


Uc = @BcIC/IC 
4@cp = 1.983(0.1029) 


@cp = 0.0510 rad/s 
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16-102. The mechanism used in a marine engine consists 
of a crank AB and two connecting rods BC and BD. 
Determine the velocity of the piston at C the instant the 
crank is in the position shown and has an angular velocity of 
5 rad/s. 


vg = 0.2(5) = 1m/s> 
Member BC: 


TC/IC 0.4 


sin 60° sin 45° 
TC/IC = 0.4899 m 


TB/IC 0.4 


sin 75° sin 45° 


TB/IC = 0.5464 m 


WBC = 0.5464 = 1.830 rad/s 


vc = 0.4899(1.830) = 0.897 m/s 7 


16-103. The mechanism used in a marine engine consists 
of a crank AB and two connecting rods BC and BD. 
Determine the velocity of the piston at D the instant the 
crank is in the position shown and has an angular velocity of 
5 rad/s. 


Vg = 0.2(5) =1m/s > 
Member BD: 


TB/IC 0.4 


sin 105° sin 45° 
TB/IC = 0.54641 m 


PD/IC 0.4 


sin 30° sin 45° 


'D/IC = 0.28284 m 


= 1.830 rad/s 


@BD ~ 0.54641 


Vp = 1.830(0.28284) = 0.518 m/s \ 
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*16-104. If flywheel A is rotating with an angular velocity 
of w,4 = 10 rad/s, determine the angular velocity of wheel 
B at the instant shown. 


Rotation About a Fixed Axis: Referring to Figs. a and b, 
Ve = Walco = 10(0.15) =15 m/s = 
Vp = Wplp = (0.1) J 


General Plane Motion: The location of the JC for rod CD is indicated in Fig. c. From 
the geometry of this figure, we obtain 


rcjrc = 9.6 sin 30° = 0.3m 


rpjic = 9.6 cos 30° = 0.5196 m 


Thus, the angular velocity of rod CD can be determined from 


VD 1.5 
=— = = 5 rad/s 
TC/IC 0.3 / 


Vp = ®cDID/IC 
(0.1) = 5(0.5196) 


@p = 26.0 rad/s 
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e16-105. If crank AB is rotating with an angular velocity 
of wag = 6 rad/s, determine the velocity of the center O of 
the gear at the instant shown. 


Rotation About a Fixed Axis: Referring to Fig. a, 


VB = WaBlB= 6(0.4) = 2.4 m/s 


General Plane Motion: Since the gear rack is stationary, the IC of the gear is located 
at the contact point between the gear and the rack, Fig. b. Thus, vj and v, can be 
related using the similar triangles shown in Fig. b, 


Vo Vo 


& 
'ojtic — Yojic 


Vo _ Vo 
02° O01 


Vo = 2Vo 
The location of the JC for rod BC is indicated in Fig. c. From the geometry shown, 


0.6 


TB/IC = cos 60° =12m 


rcjic = 9.6 tan 60° = 1.039 m 


Thus, the angular velocity of rod BC can be determined from 


VB 2.4 
= <* = 2rad 
@BC Fare 12 Ta /s 


Ve = @BclC/IC 
2Vo = 2(1.039) 


Vo = 1.04m/s—> 
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16-106. The square plate is constrained within the slots at 
A and B. When @ = 30°, point A is moving at v4 = 8 m/s. 
Determine the velocity of point C at this instant. 


rajic = 9.3 cos 30° = 0.2598 m 


8 
o= 0.2598 = 30.792 rad/s 


royce = V (0.2598)? + (0.3)? — 2(0.2598)(0.3)cos 60° = 0.2821 m 


ve = (0.2821)(30.792) = 8.69 m/s 


sing _ sin 60° 
0.3 0.2821 


= 67.09° 


6 = 90° — 67.09° = 22.9° 7 


16-107. The square plate is constrained within the slots at 
A and B. When @ = 30°, point A is moving at v4 = 8 m/s. 
Determine the velocity of point D at this instant. 


rajic = 0.3 cos 30° = 0.2598 m 


= 30.792 rad/s 


ee: 
° ~ 0.2598 


TB/IC = 0.3 sin 30° = 0.15 m 


rpjic = V0.3)? + (0.15)? — 2(0.3)(0.15) cos 30° = 0.1859 m 


vp = (30.792)(0.1859) = 5.72 m/s 


sing _ sin 30° 
0.15 0.1859 


db = 23.794° 


8 = 90° — 30° — 23.794° = 36.2° Ss 


589 


91962_06_s16_p0513-0640 6/8/09 2:44 PM Page 590 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*16-108. The mechanism produces intermittent motion of 
link AB. If the sprocket S is turning with an angular velocity 
of ws = 6 rad/s, determine the angular velocity of link BC 
at this instant. The sprocket S is mounted on a shaft which is 
separate from a collinear shaft attached to AB at A. The pin 
at C is attached to one of the chain links. 


Kinematic Diagram: Since link AB is rotating about the fixed point A, then vz, is 
always directed perpendicular to link AB and its magnitude is 
Up = Wp ag = 0.2w,g. At the instant shown, v, is directed at an angle 60° with 
the horizontal. Since point C is attached to the chain, at the instant shown, it moves 
vertically with a speed of uc = ws rs = 6(0.175) = 1.05 m/s. 


Instantaneous Center: The instantaneous center of zero velocity of link BC at the 
instant shown is located at the intersection point of extended lines drawn 
perpendicular from vz and v_. Using law of sines, we have 


Be eece = 0.2898 
sin 105° sin 30° as mn 


SE oS 0.2121 
= 7 = 0. m 
sin 45° sin 30° TCHE 


The angular velocity of bar BC is given by 


UC 1.05 
TC/IC 0.2121 


= 4.950 rad/s 
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¢16-109. The disk is moving to the left such that it has an w = 3 rad/s 
angular acceleration a = 8rad/s* and angular velocity a = 8 rad/s? 
w = 3 rad/s at the instant shown. If it does not slip at A, 
determine the acceleration of point B. 


= 0.5(8) = 4m/s” 


=act ABC 


|+ (3)?(0.5) | +] (0.5)(8) 
27 30° Ky 30° 


(ap), = —4 + 4.5 cos 30° + 4 sin 30° = 1.897 m/s” 


(ag), = 0 + 4.5 sin 30° — 4 cos 30° = —1.214 m/s” 


ap = V(1.897)? + (1.214)? = 2.25 m/s? 


1.214 
d= tan-( 4 =) = 32.6° SG 


ag = ac + @ X Fac — @ ¥B/C 
(ag), i + (ag)yj = —4i + (8k) X (—0.5 cos 30° — 0.5 sin 30°j) — (3)? (—0.5 cos 30° — 0.5 sin 30°) 


(ag), = —4 + 8(0.5 sin 30°) + (3)7(0.5 cos 30°) = 1.897 m/s” 


(ap)y = 0 — 8(0.5 cos 30°) + (3) (0.5 sin 30°) = —1.214 m/s? 


1.214 
d= tan”'(3 2) = 32.6° SG 


ag = V(1.897)2 + (1.214 = 2.25 m/s” 


(a ») =ar 
OS B05) ms 


(Ay),= 1-897 m/s? 
g 


Gy),=|.24nks 
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16-110. The disk is moving to the left such that it has an w = 3 rad/s 
angular acceleration a = 8rad/s* and angular velocity a = 8 rad/s? 
w = 3rad/s at the instant shown. If it does not slip at A, D 

determine the acceleration of point D. 


ac = 0.5(8) = 4 m/s” 


Aap = a + Anic 


|+ (3)°(05) |} +} 8(0.5) 
Aas 45° SN 


(ap), = —4 — 4.5 sin 45° — 4 cos 45° = —10.01 m/s” 


(ap)y = 0 — 4.5 cos 45° + 4 sin 45° = —0.3536 m/s” 


0.3536 
= tan! = 2.02° 
Patan (5%) i 


ap = V(—-10.01)? + (—0.3536) = 10.0 m/s? 


ap = ac + & X Ipyc — @ Epc 
(ap)xi + (ap)yj = —4i + (8k) X (0.5 cos 45° + 0.5 sin 45°j) — (3)? (0.5 cos 45° + 0.5 sin 459j) 
(ap), = —4 — 8(0.5 sin 45°) — (3)°(0.5 cos 45°) = —10.01 m/s” 


(ap)y = +8(0.5 cos 45°) — (3) (0.5 sin 45°) = —0.3536 m/s” Cou-)= er = 6005) "s 


0.3536 
g= tan-*( ) = 2.02? 7 


10.01 


ap = V (10.01)? + (—0.3536)* = 10.0 m/s? 


u=3raa[s 
o =8 rad/s* 


/0.01 m/s* O=£.02 


Ay 0.3536 m/s 
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16-111. The hoop is cast on the rough surface such that it w = 4rad/s 
has an angular velocity w = 4 rad/s and an angular 
acceleration a = 5 rad/s’. Also, its center has a velocity a = S rad/s? 
Vo = 5 m/s anda deceleration ag = 2 m/s”. Determine the 
acceleration of point A at this instant. 
Vo = 5 m/s 


a4 = a + ago 
a4 2 | + ay 03) | + 500.3) 


abs) [e 


a, = 4.83 m/s” 


4.8 
= tan! 
6 an (* 


re 
Also, W=5 rad fs» 


Le 2 

a,=a-@ Tajo + & X Vajo ( -ar O-Sm|s 
: ore . nok Scosyms 

a, = —2i — (4)°(0.3j) + (—5k) X (0.3) w=4 rad/s 

a, = {-0.5i — 4.8j} m/s? 


a, = 4.83 m/s” 


4.8 
Q= tant( 48) = 841° 


*16-112. The hoop is cast on the rough surface such that it w = 4rad/s 

has an angular velocity w= 4 rad/s and an angular 

acceleration a = 5 rad/s’. Also, its center has a velocity of a = S rad/s? 
Vo = 5 m/s anda deceleration ag = 2 m/s”. Determine the 

acceleration of point B at this instant. 


ag = a + ago 


ag = 2 | + 20.) + OO) 


<_ 


az = [6.4548 4 2.333) 


ap = 6.86 m/s” 


9.333 
= tan! = 19.9° & 
aay (2) : 


Also: 

ag = a + a X Igo — @ ¥B/0 

ag = —2i + (—5k) X (0.3 cos 45°I — 0.3 sin 45°j) — (4)°(0.3 cos 45° — 0.3 sin 45°j) 

2.333 m/s* 


ag = {—6.4548i + 2.333j} m/s” 


ap = 6.86 m/s” 


5.333 
= tan! = 19.9° & 
oe (2) 
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¢16-113. At the instant shown, the slider block B is 
traveling to the right with the velocity and acceleration 
shown. Determine the angular acceleration of the wheel at 
this instant. 


——> 0; = 6in./s 


———> ap = 3 in./s’ 


Velocity Analysis: The angular velocity of link AB can be obtained by using the 

method of instantaneous center of zero velocity. Since v, and vz, are parallel, 

TA/IC = TB/IC = ow. Thus, @WAB — 0. Since WAB — 0, VA = UR = 6 in./s. Thus, the 
VA 6 


angular velocity of the wheel is ww = Piao ao 1.20 rad/s. 
OA 


Acceleration Equation: The acceleration of point A can be obtained by analyzing 
the angular motion of link OA about point O. Here, ro, = {5j} in.. 


a, = aw X toa — @wloa 
= (-aywk) X (5j) — 1.20° (5j) 
= {Saw i — 7.20j} in./s? 


Link AB is subjected to general plane motion. Applying Eq. 16-18 with 
¥gia = {20 cos 30°% — 20 sin 30°j} in. = {17.321 — 10.0j} in., we have 


_ 2 
ap = ag + Aap X Vga — WAptB/a 


3i = Saw i — 7.20j + a4gk X (17.32i — 10.0j) — 0 
3i = (10.0a4, + Say) i + (17.32a4% — 7.20) j 
Equating i and j components, we have 
3 = 10.0a43 + Say 
0 = 17.32a43 — 7.20 
Solving Eqs.[1] and [2] yields 
aap = 0.4157 rad/s” 


aw = —0.2314 rad/s” = 0.231 rad/s? 9 
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16-114. The ends of bar AB are confined to move along 
the paths shown. At a given instant, A has a velocity of 8 ft/s 
and an acceleration of 3 ft/s’. Determine the angular 
velocity and angular acceleration of AB at this instant. 


, =2rad/s 2 


vp = 4(2) = 8 ft/s 


(ap), = o = 16 ft/s? 


ap = a, T apa 


16 | +] (as), |=|3]+| a(4) | +] 2204) 
Poe ~G30° ‘ oo SS 60° 


(4) 16 sin 30° + (ag), cos 30° = 0 + a(4) sin 60° + 16 cos 60° 
(+1) 16 cos 30° — (ag), sin 30° = —3 + a(4) cos 60° — 16 sin 60° 
a = 7.68 rad/s? 2D 
(ap), = 30.7 ft/s? 
Also, 


= 2, 
agp-= ay 7 QAB x TB/A = WT B/A 


° ‘ ‘ (8)? . . (8)? ; : 
(ag), cos 30°I — (ag), sin 30° + CF sin 30° + oe, cos 30° = —3j 


—(ak) X (—4 sin 30° + 4 cos 30°j) — (2)?(—4 sin 30°i + 4 cos 30°j) 
(4) (ap), cos 30° + 8 = —3.464a + 8 
(+1)  —(ag), sin 30° + 13.8564 = —3 + 2a — 13.8564 

a = 7.68 rad/s? D 


(ag); = 30.7 ft/s? 
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16-115. Rod AB has the angular motion shown. 
Determine the acceleration of the collar C at this instant. 


@,4p = Srad/s 


PB/IC 2.5 a4p = 3 rad/s? 


sin 30° sin 135° 
TB/IC = 1.7678 ft 


10 
oO= 1.7678 = 5.66 rad/s S 


(apg)n = 25(2) = 50 ft/s? 


ac = ag + ac/B 


jac] = 6 |+] 50 | +] (5.66)7(2.5)} +] (2.5) 
= 45°, 45° 7 a 60° NG 30° 


( — ) ac = —6cos 45° — 50 cos 45° + 80 cos 60° + a(2.5) cos 30° 
(+1) 0 = 6sin 45° — 50 sin 45° + 80 sin 60° — a(2.5)sin 30° 
a = 30.5 rad/s? 9 
ac = 66.5 ft/s* > 
Also, 
vp = 5(2) = 10 ft/s 
Vo = VB + Vo/B 
—vci = —10 cos 45° + 10 sin 45°j + wk X (—2.5 sin 30° — 2.5 cos 30°j) 
(+1) 0 = 10sin 45° — 2.5 w sin 30° 


w = 5.66 rad/s 


ac=agtax Tc/B _ wo ¥c/p 
__ _ (10) os ALO 2 i 25 : i ee 
ac i = ~~ cos 45°i — > sin 45°j — 6 cos 45°i + 6 sin 45°95 


+ (ak) X (—2.5 cos 60° — 2.5 sin 60°j) — (5.66)? (—2.5 cos 60°i — 2.5 sin 60°j) 


(5) ac = -35.355 — 4.243 + 2.165a + 40 


(+1) 0 — —35.355 + 4.243 — 1.25a + 69.282 
a = 30.5 rad/s’ 5 


ac = 66.5 ft/s2 > 


ete), = ey 
Gate), = 07 ty ue 


= $66 °(2-6) HYs 
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*16-116. At the given instant member AB has the angular 
motions shown. Determine the velocity and acceleration of 
the slider block C at this instant. 


= 3(7) = 21 in./s <— 


= Vp tw X cp 


)i (2) 21i + wk X (—5i — 12§) 


-—0.8vc = -21 + 12 


w = 1.125 rad/s 

ve = 9.375 in./s = 9.38 in./s 3 
(ap), = (3)°(7) = 63in./s? | 
(ag), = (2)(7) = 14 in./s* — 


= ag + ax Tc/B a @ ¥C/p 


a2) = —14i — 63j + (ak) x (—5i — 12j) — (1.125)°(—Si — 12) 


0.8ac = —14 + 12a + 6.328 


0.6ac = —63 — Sa + 15.1875 
ac = 54.7 in./s* “ 


a = —3.00 rad/s” 
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¢16-117. The hydraulic cylinder D extends with a velocity 
of vg =4ft/s and an acceleration of ag = 1.5 ft/s’. 
Determine the acceleration of A at the instant shown. 


vg = 4 ft/s 
ag = 1.5 ft/s? 


Angular Velocity: The location of the JC for rod AB is indicated in Fig. a. From the 
geometry of this figure, 


rpjic = 2 cos 30° = 1.732 ft 


VB 
fe Geig:  WBe 


2.309 rad/s 


Acceleration and Angular Acceleration: Here, r4jg = 2 cos 30°1 — 2 sin 30° j 
= [1.732i — 1j] ft. Applying the relative acceleration equation and referring to 
Fig. b, 


a, = ag t+ aap X Ya/p — Wap TAB 
—ayi = 1.5j + (—aygk)X(1.732i — 1j) — 2.309°(1.732i — 1j) 
—ayi = —(ayg + 9.238)i + (6.833 — 1.732043)j 
Equating the i and j components, 
—a, = —(a,4pR + 9.238) 
0 = 6.833 — 1.732a,4p 
Solving Eqs. (1) and (2) yields 
aap = 3.945 rad/s? 


a, = 13.2ft/s?> <— 
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16-118. The hydraulic cylinder D extends with a velocity 
of vg =4ft/s and an acceleration of ag = 1.5 ft/s’. 
Determine the acceleration of C at the instant shown. 


vg = 4 ft/s 
ap = 1.5 ft/s? 
Angular Velocity: The location of the JC for rod AB is indicated in Fig. a. From the 
geometry of this figure, rg/7¢ = 2 cos 30° = 1.732 ft 


Thus, 
VB 4 
TB/IC 1.732 


2.309 rad/s 


WA 

Acceleration and Angular Acceleration: Here, 14/3 = 2 cos 30°i — 2 sin 30° j 
= [1.732i — 1j] ft. Applying the relative acceleration equation to points A and B 
and referring to Fig. b, 

a, = ag t aap X ra/p — Wp YA/B 

—a,i = 1.5j + (—aygk) X (1.7321 — 1j) — 2.3097(1.732i — 1) 

—ayi = —(a4B + 9.2376)i =F (6.833 = 1.732a4p)j 
Equating the i and j components, we obtain 


0 = 6.833 — 1.7324, aap = 3.945 rad/s? 


Using this result and rcjg = —1 cos 30°i + 1 sin 30°j = [—0.8660i + 0.5j] ft, the 
relative acceleration equation is applied at points B and C, Fig. b, which gives 


= 2 
ac = ag + a4B X ¥c/p — WaB ¥C/B 


(ac)xi + (ac)yj = 1.5 + (—3.945k) X (—0.8660i + 0.5j) — (2.309)?(—0.8660i + 0.5j) 


(ac)yi + (ac) j = 6.591 + 2.25] 


Equating the i and j components, 
(ac), = 6.591 ft/s* > (ac)y = 2.25 ft/s’ T 


Thus, the magnitude of a; is 


ac = V(ac)x? + (acy? = V6.591? + 2.25? = 6.96 ft/s? 


and its direction is 


(ac) 
0= in | 7 = tan'( 225 ) = 18.8° #4 
ac)x : 
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16-119. The slider block moves with a velocity of 
vg = 5 ft/s and an acceleration of ag = 3 ft/s’. Determine 
the angular acceleration of rod AB at the instant shown. 


Angular Velocity: The velocity of point A is directed along the tangent of the 
circular slot. Thus, the location of the JC for rod AB is indicated in Fig. a. From the 
geometry of this figure, 


rajic = 2 sin 30° = 1 ft rajic = 2 cos 30° = 1.732 ft 


Thus, 


VA = WB l A/IC => 5(1.732) = 8.660 ft/s 


Acceleration and Angular Acceleration: Since point A travels along the circular 


slot, the normal component of its acceleration has a magnitude of 
2 2 

VA 8.660 

(44)n = = 
p 


i 50 ft/s” and is directed towards the center of the circular 
slot. The tangential component is directed along the tangent of the slot. Applying 


the relative acceleration equation and referring to Fig. b, 


= 2 
ay = ag t+ Aap X Va4jp — Wap’ Vas 


50i — (a4), j = 31 + (a4gk) X (—2 cos 30°% + 2 sin 30°j) — 5°(—2 cos 30°i + 2 sin 30°j) 


50i (aa)j = (46.30 aap) t (1.732a48 ac 25)j 
Equating the i components, 
50 a 46.30 — QAB 


Q4g = —3.70 rad/s* = 3.70 rad/s* Dd 
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*16-120. The slider block moves with a velocity of 
vg = 5 ft/s and an acceleration of ag = 3 ft/s’. Determine 
the acceleration of A at the instant shown. 


Angualr Velocity: The velocity of point A is directed along the tangent of the 
circular slot. Thus, the location of the JC for rod AB is indicated in Fig. a. From the 
geometry of this figure, 


rpjic = 2 sin 30° = 1 ft rajic = 2 cos 30° = 1.732 ft 


Thus, 


V4 = Ogg rac = 5(1.732) = 8.660 ft/s 


Acceleration and Angular Acceleration: Since point A travels along the circular 


slot, the normal component of its acceleration has a magnitude of 
va> _ 8.660? 
(t4)n> = 


Wie ag = Ogee 50 ft/s” and is directed towards the center of the circular 
p > 


slot. The tangential component is directed along the tangent of the slot. Applying 


the relative acceleration equation and referring to Fig. b, 


= 2 
ay = ag t+ Ap X Va/p — Map Va/B 


50i — (a4):j = 31 + (aagk) X (—2cos 30% + 2 sin 30°j)—5°(—2 cos 30° + 2 sin 30°) 


50i — (a4), § = (46.30 — a4g)i — (1.732a4, + 25)j 
Equating the i and j components, 
50 = 46.30-ayz 
—(a4); = —(1.732a48 + 25) 

Solving, 

aap = —3.70 rad/s? 

(a4), = 18.59 ft/s | 
Thus, the magnitude of a, is 


a4 = (a4), + (@4)n? = V18.59 + 50? = 53.3ft/s? 


and its direction is 


6 = tan! 
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e16-121. Crank AB rotates with an angular velocity 
of w,g = 6rad/s and an angular acceleration of 
aap = 2 rad/s”. Determine the acceleration of C and the 
angular acceleration of BC at the instant shown. 


Angular Velocity: Since crank AB rotates about a fixed axis, then 


VB = WaBlB= 6(0.3) = 1.8 m/s > 


The location of the JC for rod BC is ap = 6 rad/s. 
aap = 2 rad/s 


pyc = 9.5 sin 30° = 0.25 m rcjic = 9.5 cos 30° = 0.4330 m 


Then, 


v 1.8 
pc = ee ee ey 5) rad/s 
TB/IC 0.25 


Vo = wpe tcjic = 7.2(0.4330) = 3.118 ft/s 


Acceleration and Angular Acceleration: Since crank AB rotates about a fixed axis, 
then 


= a! ap X tp — ap TR 
(—2k) x (0.3j)—67(0.3j) 


= {0.61 — 10.8j} m/s? 


Since point C travels along a circular slot, the normal component of its acceleration 
2 2 
: Ve 3.118 
has a magnitude of (ac), = — = ——_— 
e (ac)n ari. 
center of the circular slot. The tangential component is directed along the tangent of 
the slot. Applying the relative acceleration equation, 


= 64.8 m/s” and is directed towards the 


_ 2 
ac = ag + age X Ic/p — WBC ¥c/B 


64.8i-(ac),j = (0.61 — 10.8j) + (agck) x (0.5 cos 30° — 0.5 sin 30° j)—7.27(0.5 cos 30° — 0.5 sin 30° j) 
64.8i-(ac):j = —(0.25a gc — 21.85)i + (2.16 + 0.4330agc)j 
Equating the i and j components, 
64.8 = —(0.25agc — 21.85) 
—(ac), = 2.16 + 0.43300 gc 
Solving, 
@ pc = —346.59 rad/s* = 347rad/s?_ 9) 
(ac); = 152.24 m/s* = 152.24 m/s* T 
Thus, the magnitude of ac is 


ac = V (ac)? + (ac) n = V/152.24 + 64.77 = 165m/s 


and its direction is 


6 = tan! 


(ac) ae (2224 
64.8 


) = 66.99 4 


Ac)n 
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16-122. The hydraulic cylinder extends with a velocity of 

va, =15m/s and an acceleration of a, = 0.5 m/s’. 

Determine the angular acceleration of link ABC and the 

acceleration of end C at the instant shown. Point B is pin 

connected to the slider block. vag =15m/s 
a, = 0.5 m/s” 

Angular Velocity: The location of the JC for link ABC is indicated in Fig. a. From the 

geometry of this figure, 


rasic = 0.6 cos 60° = 0.3m 


VA 5 


1. 
= —— = — = 5rad/s 
e TA/IC 0.3 / 


Acceleration and Angular Acceleration: Applying the relative acceleration 
equation to points A and B, 


- 2 
ap = a, + Aygo X YBa — ABC TB/A 


api = —0.5j + (—aygck) X (—0.6 cos 60°i — 0.6 sin 60° j) — 5°(—0.6 cos 60°i — 0.6 sin 60°j) 
—agi = (7.5 — 0.5196a4Rc)i + (0.3a4R¢c + 12.490)j 
Equating the i and j components, 
—ag = 75 — 0.5196a 48 
0 = 0.3a,4gc + 12.490 
Solving Eqs. (1) and (2), 
Qagc = —41.63 rad/s” = 41.6 rad/s” 
ap = —29.13 m/s” 
From points B and C, 
ac = ag + Gaze X IcjB — @ ABC TC/B 


(ac)xi + (ac)yj = [-(—29.13)i] + [-(—41.63)k] X (—0.5 cos 30° i + 0.5 sin 30°j) — 57(—0.5 cos 30° + 0.5 sin 30°j) 


(ac)yi + (ac)y j = 29.551 — 24.28 j 


Equating the i and j components, 


(ac), = 29.55 m/s? (ac)y = —24.28 m/s” = 24.28 m/s? | 


Thus, the magnitude of a; is 


ac = Vacs? + (ac)y2 = V29.55" + 24.28? = 38.2 m/s? 


and its direction is 


(ac) 
6 = tan! rE . = tanri( 228) = 39.4°%G 
C)x . 
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16-123. Pulley A rotates with the angular velocity and 
angular acceleration shown. Determine the angular 
acceleration of pulley B at the instant shown. 


w, = 40 rad/s 
a, = 5 rad/s? 


Angular Velocity: Since pulley A rotates about a fixed axis, 
Vc = wr, = 40(0.05) = 2m/s 7 
The location of the JC is indicated in Fig. a. Thus, 


Vo 2 
TC/IC 0.175 


11.43 rad/s 
Acceleration and Angular Acceleration: For pulley A, 
(ac); = a4r, = 5(0.05) = 0.25 m/s” T 


Using this result and applying the relative acceleration equation to points C and D 
by referring to Fig. b, 


iz 2 
ap = ac + ag X Ipjc — WB 'D/C 


(ap)n i = (ac), i + 0.25j + (—agk) X (0.175i)—11.437(0.175i) 
(ap)ni = [(ac), — 22.86]i + (0.25 — 0.175a,)j 
Equating the j components, 
0 = 0.25 — 0.175azg 


ag = 1.43 rad/s . % 


@eno25nh* = 
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*16-124. Pulley A rotates with the angular velocity and 
angular acceleration shown. Determine the acceleration of 
block E at the instant shown. 


w, = 40 rad/s 
a, = 5 rad/s? 


Angular Velocity: Since pulley A rotates about a fixed axis, 
Vc = war, = 40(0.05) = 2 m/s T 
The location of the JC is indicated in Fig. a. Thus, 


Vo 2 
TC/IC 0.175 


11.43 rad/s 


Acceleration and Angular Acceleration: For pulley A, 
(ac); = a4r,4 = 5(0.05) = 0.25 m/s” T 


Using this result and applying the relative acceleration equation to points C and D 
by referring to Fig. b, 


= 2 
Aap = ac + ag X Ipc — BT pc 


(ap)n i = (ac) i + 0.25j + (—agk) X (0.1751) — 11.437(0.175i) 
(ap)ni = [(ac), — 22.86]i + (0.25 — 0.175a,)j 
Equating the j components, 
0 = 0.25 — 0.175a g 


ag = 1.429 rad/s = 1.43 rad/s” 


Using this result, the relative acceleration equation applied to points C and E, Fig. b, 
gives 


= 2 
ag = ac + ag X Veco — WB TEC 


ag j = ((ac)ni + 0.25j] + (—1.429k) x (0.1251) — 11.432(0.125i) 


agj = [(ac)n — 16.33]i + 0.0714j 
Equating the j components, 


ag = 0.0714 m/s? 
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°16-125. The hydraulic cylinder is extending with the 
velocity and acceleration shown. Determine the angular 
acceleration of crank AB and link BC at the instant shown. 


Angular Velocity: Crank AB rotates about a fixed axis. Thus, 
Vp = @aBrB = Wap (0.3) 


The location of the JC for link BC is indicated in Fig. b. From the geometry of this 
figure, 


royic = 0.4m rpjic = 2(0.4 cos 30°) = 0.6928 m 


Then 


VB = WBC TB/IC 
wp (0.3) = 5(0.6928) 


@,pg = 11.55 rad/s 


Acceleration and Angular Acceleration: Since crank AB rotates about a fixed axis, 
Fig. c, 


_ 2 
ag = a ag X Vg — Wap TB 


= (—a 4gk) X (0.3 cos 60° + 0.3 sin 60°j) — 11.557(0.3 cos 60° + 0.3 sin 60°j) 


= (0.2598a Appi — (0.15a4p ols. 34.64)j 


Using these results and applying the relative acceleration equation to points B and 
C of link BC, Fig. d, 


_ 2 
ag = ac + Age X Fgic — pc T B/C 


(0.2598a43 — 20)i — (0.15a4p + 34.64)j = 1.51 + (a gck) X (0.4 cos 30° + 0.4 sin 30°) — 57(0.4 cos 30% + 0.4 sin 30°) 


(0.2598a4,3 — 20)i — (0.15a,4g + 34.64)j = —(0.2a@ gc + 7.160)i + (0.3464 gc — 5)j 
Equating the i and j components, 


0.2598a 4g — 20 = —(0.2a gc + 7.160) . J 
~(0.15a43 + 34.64) = 0.3464a po — 5 Ki, 
, b 
=//.551ad/s 
Solving, Wypi!/'5 


@ gc = —160.44 rad/s” = 160 rad/s* 


a 4g = 172.93 rad/s? = 173 rad/s” 


Q=/; ‘Sm/s* Wye = S12A/s x 
(A) 


606 


91962_06_s16_p0513-0640 6/8/09 2:53 PM Page 607 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


16-126. A cord is wrapped around the inner spool of the 
gear. If it is pulled with a constant velocity v, determine the 
velocities and accelerations of points A and B. The gear 
rolls on the fixed gear rack. 


Velocity Analysis: 


Vv 
r 


Uv 
UB Or B/IC (ar) 40> 


vA = OF ajic = (Ver a er?) =2V2v 245° 


r 


Acceleration Equation: From Example 16-3, Since ag = 0,a = 0 
IgG = 2rj Ta/c = —2ri 


agp=agtax lgig — w'¥ B/G 


= ac +ax Ta/G = @ LAG 


2 2 

v 2u 

=0+0 2ri) = i 
(2) « ri) i 
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16-127. Ata given instant, the gear racks have the velocities 
and accelerations shown. Determine the acceleration of 
points A and B. 


Velocity Analysis: The angular velocity of the gear can be obtained by using the 
method of instantaneous center of zero velocity. From similar triangles, 
UD UGE 
w= = 
Ypjic — VC/IC 


6 2 


Ypjic.— TC/Ic 
rpjic + Voyic = 0.5 
Solving Eqs.[1] and [2] yields 
Tp/IC = 0.375 ft 'ojic = 0.125 ft 


Thus, vp é 


FD/IC 0.375 


16.0 rad/s 


Acceleration Equation: The angular acceleration of the gear can be obtained by 
analyzing the angular motion point C and D. Applying Eq. 16-18 with 
Ypjc = {—0.5i} ft, we have 


ap = ac + a X pyc — w Epc 


64.0i + 2] = —64.0i — 3j + (—ak) Xx (—0.5i) — 16.07 (—0.5i) 


64.01 + 2j = 64.01 + (0.5a — 3)j 


Equating i and j components, we have 
64.0 = 64.0 (Check!) 


2=05a-3 a= 100rad/s* - 
: bes (a), 6-0 (0:25) 
The acceleration of point A can be obtained by analyzing the angular motion point ? loK, = 64.0 ft/s* 
A and C. Applying Eq. 16-18 with rajc = {—0.25i} ft, we have ; 


ay = ac + a X Pajc — wo Tajc p),= [6.0°025)\ 
= 64.0ft/s* 


64.0i — 3j + (—10.0k) x (—0.25i) — 16.07 (—0.25i) 
{0.500j} ft/s? 


Thus, 


a, = 0.500 ft/s? Ans. w)=/6-0rad/s 


x=/0-0 
The acceleration of point B can be obtained by analyzing the angular motion point 
B and C. Applying Eq. 16-18 with rgjc = {—0.25i — 0.25j} ft, we have 


ag = ac + a X Fc — wT B/C 


64.0i — 3j + (—10.0k) x (—0.25i — 0.25j) — 16.07 (—0.25i — 0.25j) 
{—2.50i + 63.59} ft/s? 
The magnitude and direction of the acceleration of point B are given by 
ac = V(-2.50)? + 63.5? = 63.5 ft/s” 


63.5 
1 _ 8 
750 87.7° Sw 
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*16-128. At a given instant, the gear has the angular 
motion shown. Determine the accelerations of points A and 
B on the link and the link’s angular acceleration at this 
instant. 


w = 6rad/s 
a = 12 rad/s? 


For the gear 


v4 = oF ajc = 6(1) = 6 in./s 
ag = —12(3)i = {—36i} in./s” ryjo = {—2j} in. a = {12k} rad/s? 
a, =a ta X rye - Fao 
—36i + (12k) x (—2j) — (6)°(—2j) 
= {-12i + 72j} in./s? 


a, = V(-12) + 72? = 73.0 in./s* 


72 
d= tan( 2) = 80.5° &w 


For link AB 
The JC is at ©©,so wyz = 0,i.€., 


VA 
AB — 
F A/IC 


az api QAB = —aygk TB/A = {8 cos 60°1 + 8 sin 60°j} in. 
= 2 
ag = a, t+ Ayg X Fg, — @ TB/A 


agi = (-12i + 72j) + (~aygk) X (8 cos 60° + 8 sin 60°j) — 0 


(5) ag = -12 + 8 sin 60°(18) = 113 in./s? > 


(+1) 0 = 72 — 8 cos 60°a yp aap = 18 rad/s” D 
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¢16-129. Determine the angular acceleration of link AB if 
link CD has the angular velocity and angular deceleration 
shown. 


= 2 
TC is at &, thus acp = 4rad/s 
cp = 2 rad/s 
WBC 0 


VB = Vc = (0.9)(2) = 18 m/s 


(ac)n = (2)° (0.9) = 3.6 m/s? J 
(ac); = 4(0.9) = 3.6 m/s* > 


(= oe = 10.8 m/s” | 


a 2 
ap = ac + age X Ipc — WBCI B/C 


(ap),i — 10.8 = 3.61 — 3.6) + (agck) X (—0.61 — 0.6j) — 0 


(5) (ap), = 3.6 + 0.6 ag¢ 


(+1) 10.8 = —3.6 — 0.6 agc 
Qgc = 12 rad/s” 
(ap), = 10.8 m/s” 


10.8 
aa ae 36 rad/s* 2 


QAs),= 108 m/s* 
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16-130. Gear A is held fixed, and arm DE rotates 
clockwise with an angular velocity of apg = 6 rad/s and an 
angular acceleration of apg; = 3 rad/s’. Determine the 
angular acceleration of gear B at the instant shown. 


Angular Velocity: Arm DE rotates about a fixed axis, Fig. a. Thus, 
VE = @DE'E = 6(0.5) = 3 m/s 


The IC for gear B is located at the point where gears A and B are meshed, Fig. b. 
Thus, 


VE 


3 
= = —~ = 15rad/s 
TE/IC 0.2 / 


Acceleration and Angular Acceleration: Since arm DE rotates about a fixed axis, 
Fig. c, 


ag =O pe X te ~ Ope VE 
(—3k) X (0.5 cos 30° + 0.5 sin 30° j) — 6” (0.5 cos 30° i + 0.5 sin 30° j) 


= [-14.84i — 10.30j] m/s” 


Using these results to apply the relative acceleration equation to points E and F of 
gear B, Fig. d, we have 


ap = ag + ag X Pryjg OR E/E 
ap cos 30°% + a, sin 30°] = (—14.84i — 10.30j) + (—agk) X 
(—0.2 cos 30° i — 0.2 sin 30°j) — 157(—0.2 cos 30°41 — 0.2 sin 30°) 
ap cos 30° i + ap sin 30°j = (24.13 — 0.lag)i + (0.1732ag + 12.20)j 
Equating the i and j components yields 
0.8660ap = 24.13 — 0.lag 


0.5ap = 0.1732ag + 12.20 
Solving, 
ap = 27 m/s* 


ap = 7.5 rad/s? 
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16-131. Gear A rotates counterclockwise with a constant 
angular velocity of w, = 10 rad/s, while arm DE rotates 
clockwise with an angular velocity of apg = 6 rad/s and an 
angular acceleration of app; = 3 rad/s’. Determine the 
angular acceleration of gear B at the instant shown. 


Angular Velocity: Arm DE and gear A rotate about a fixed axis, Figs. a and b. Thus, 
VE = @ DE'E = 6(0.5) = 3 m/s 


Vp = WArF = 10(0.3) = 3 m/s 


The location of the JC for gear B is indicated in Fig. c. Thus, 


TE/IC = YF/IC = 0.1m A... 
70° Woe brad/s 


VE 3 
wR = = —— = 30 rad/s 
B TE/IC we / 


Acceleration and Angular Acceleration: Since arm DE rotates about a fixed axis, 
Fig. c, then 


ag = A pg X te ~ Ope te 
(—3k) X (0.5 cos 30° + 0.5 sin 30° j) — 6” (0.5 cos 30° i + 0.5 sin 30° j) 
= [-14.84i — 10.30j] m/s” 


Using these results and applying the acceleration equation to points E and F of 
gear B, Fig. e, 


= 2 
ap = ag + Op X Ieje — OB YT E/E 


ap Cos 30°% + ap sin 30°] = (—14.84i — 10.30j) + (—agk) X 
(—0.2 cos 30° i — 0.2 sin 30°j) — 30°(—0.2 cos 30° — 0.2 sin 30°j) 
0.8660ari + 0.5apj = (141.05 — 0.1ag)i + (79.70 + 0.1732a,)j 
Equating the i and j components yields 
0.8660a- = 141.05 — 0.lagz 
0.5a¢ = 79.70 + 0.173208 
ap = 162 m/s” 


ap = 7.5 rad/s 
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*16-132. If end A of the rod moves with a constant 
velocity of v, = 6 m/s, determine the angular velocity and 
angular acceleration of the rod and the acceleration of end 
B at the instant shown. 


Angular Velocity: The location of the JC is indicated in Fig. a. Thus, 


LT A/sIC _ TB/IC = 0.4m 


VB = WaB TB/IC = 15(0.4) = 6 m/s 


Acceleration and Angular Acceleration: The magnitude of the normal component 


v 
of its acceleration of points A and B are (a4), = A = 


2 2 
6 

(ag)n) = =e ia 90 m/s* and both are directed towards the center of the 
p E 


circular track. Since v, is constant, (a4), = 0. Thus, a4 = 90 m/s”. Applying the 


relative acceleration equation to points A and B, Fig. b, 


ag = a4 + Qyp X Ppa — AB B/A 
90i — (ag), j = (—90 cos 60° + 90 sin 60°j) + (a4gk) X 


$ 


(—0.6928 cos 30° + 0.6928 sin 30°j) — 15°(—0.6928 cos 30° + 0.6928 sin 309) | 
90i — (ag), j = (—0.3464a4g + 90)i — (0.6a.4p)j (As),= Jom/s™ x 


Equating the i and j components yields 


Rn =/5 04/6 


90 = —0.3464a4% + 90 
— (ag) = —0.6a 48 
aap = 0 rad/s? 


(ag), = 0m/ s° 


Thus, the magnitude of a, is 


ag = V (ag) + (apn? = VO? + 90? = 90 m/s” 


and its direction is 


6 = tan! a = tan'(2) =0 > 


613 


91962_06_s16_p0513-0640 6/8/09 2:57 PM Page 614 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


e16-133. The retractable wing-tip float is used on an ac = 0.5 ft/s? 
airplane able to land on water. Determine the angular 
accelerations acp, @gp, and a yp at the instant shown if the 
trunnion C travels along the horizontal rotating screw with 
an acceleration of ac = 0.5 ft/s’. In the position shown, 
Uc = 0. Also, points A and E are pin connected to the wing 
and points A and C are coincident at the instant shown. 


Velocity Analysis: Since vc = 0, then wep = 0. Also, one can then show that 
Opp = @4B = Fp = 0. 

Acceleration Equation: The acceleration of point D can be obtained by analyzing 
the angular motion of link ED about’ point £E. Here, 
Yep = {-2 cos 45°% — 2 sin 45°9} ft = {-1.414i — 1.414j} ft. 


Ap = agp X gp ~ ED TED 
= (agp k) x (—1.414i — 1.414j) — 0 


= {1.414 agpi — 1.414 agp j} ft/s? 


The acceleration of point B can be obtained by analyzing the angular motion of 
links AB about point A. Here, ry, = {—2.828j} ft 


ag = ap X Fgja — OAR YB/A 
= (a4gk) X (-2.828j) — 0 


= {2.828 a,p i} ft/s? 


Link CD is subjected to general plane motion. Applying Eq. 16-18 with 
pic = {2 cos 44°% — 2 sin 45°} ft = {1.4141 — 1.414]} ft, we have 


Aap = ac + Acp X Ipjc — We DE D/C 
1.414 agpi— 1.414 agpj = —0.5i + acpk X (1.4141 — 1.4149) — 0 


1414 agpi — 1414 agpj = (1.414 acp — 0.5)i + 1.414 acpj 


Equating i and j components, we have 
1.414 QED — 1.414acp — 0.5 


—1.414a¢p = 1.414acp 
Solving Eqs.[1] and [2] yields 


Qgp = —0.1768 rad/s” Q.-05St/s 


acp = 0.177 rad/s? Ans. 
Link BD is subjected to general plane motion. Applying Eq. 16-18 with rg/p = 
{—2 cos 45°i — 2 sin 45°j} ft = {—1.414i — 1.414j} ft and ap = [1.414 (—0.1768) i 
— 1.414 (—0.1768)j = {—0.25i + 0.25j} rad/s”, we have 


= 2 
ag = ap t+ agp X ¥gB/p — WBprB/p 


2.828 aypi = —0.25i + 0.25j + agpk X (—1.414i — 1.414j) — 0 


2.828 api = (1.414 agp — 0.25) i + (0.25 — 1.414 agp) j 


Equating i and j components, we have 
2.828 QAB — 1.414 ABD — 0.25 


0 = 0.25 — 1.414 agp 
Solving Eggs. [3] and [4] yields 


Qgp = 0.177 rad/s? apn = 0 
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16-134. Determine the angular velocity and the angular 
acceleration of the plate CD of the stone-crushing 
mechanism at the instant AB is horizontal. At this instant 
6 = 30° and ¢ = 90°. Driving link AB is turning with a 
constant angular velocity of w4, = 4 rad/s. 


VB = Waplpa = (4)(2) = 8 ft/s t 


VB 
TB/IC 3/cos 30° 


= 2.309 rad/s 


Vo = WBC TC/IC = (2.309)(3 tan 30°) =4 ft/s 


Vc 4 
eyes ye aad 
wcp ea rad/s 2D 


ap = (4p)n = (4)°(2) = 32 ft/s” > 

(ac), + (Ac)n = ag + ace X Ioyp — wo tcp 

(ac),i + (1)? (Aj = 32 cos 30° + 32 sin 30°§ + (acgk) X (—3i) — (2.309) (—3i) 
(ac); = 32 cos 30° — (2.309)? (—3) = 43.71 ft/s? 

4 = 32 sin 30° — ace (3) 

acp = 4rad/s’ 5 


43.71 
6 a a 10.9 rad/s? 5 


Aen Werle 
(Ae) ( One 124) ft/s? 


W¢p22309 rod|s 
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16-135. At the instant shown, ball B is rolling along the slot 
in the disk with a velocity of 600 mm/s and an acceleration of 
150 mm/s”, both measured relative to the disk and directed 
away from O. If at the same instant the disk has the angular 
velocity and angular acceleration shown, determine the 
velocity and acceleration of the ball at this instant. 


w = 6rad/s 
a = 3 rad/s? 


Kinematic Equations: 


Vg =Vo + © X rao + (Veo) xyz 


ap t OX rpio0 + O X (QO X reo) + 20 X (Vajo)xyz + (ABjo)xyz @) 


Vo = 
Ge (Bore ya=015™/s 


(Ven), =0-6m/s 
Q. = {6k} rad/s 4 << 
Tyo 


Q. = {3k} rad/s” Ze 

BA 
ee SS 
(Vp/0) xyz = {0.61} m/s 
(apo) xyz = {0.153} m/s* 
Substitute the data into Eqs.(1) and (2) yields: 


Vg = 0 + (6k) X (0.4i) + (0.61) = {0.61 + 2.4j} m/s Ans. 


az = 0 + (3k) X (0.4i) + (6k) X [(6k) x (0.4i) ] + 2 (6k) X (0.6%) + (0.15%) 


= {-14.2i + 8.40j} m/s” Ans. 
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*16-136. Ball C moves along the slot from A to B with a 

speed of 3 ft/s, which is increasing at 1.5 ft/s”, both measured 

relative to the circular plate. At this same instant the plate w = 6 rad/s 
rotates with the angular velocity and angular deceleration 

shown. Determine the velocity and acceleration of the ball at a= 15 rad/s* | 
this instant. 


Reference Frames: The xyz rotating reference frame is attached to the plate and 
coincides with the fixed reference frame XYZ at the instant considered, Fig. a. Thus, 
the motion of the xyz frame with respect to the XYZ frame is 


Yo =a = 0 w = [6k] rad/s @ = a = [—1.5k] rad/s” 
For the motion of ball C with respect to the xyz frame, 


(Vrei)xyz = (—3 sin 45° — 3 cos 45°9) ft/s = [—2.121i — 2.121j] ft/s 


(Ae1)xyz = (—1.5 sin 45°I — 1.5 cos 45°9) ft/s* = [-1.061i — 1.0614] ft/s 


From the geometry shown in Fig. b,rcj9 = 2 cos 45° = 1.414 ft. Thus, 
Ico = (—1.414 sin 45° + 1.414 cos 45°j)ft = [—1i + 1] ft 
Velocity: Applying the relative velocity equation, 


Vo =Vot wx Icjo + (Viet) xyz 


0 + (6k) X (—1i + 1j) + (—2.121i — 2.121)) 
= [-8.12i — 8.12j] ft/s 
Acceleration: Applying the relative acceleration equation, we have 
ac = ag + WX Icio + @ X (@ X Feo) + 20 X (Veerdeyz + (4 redxyz 


0 + (1.5k) X (-1i + 1j) + (6k) x [(6k) X (—1i + 1j)] + 2(6k) x (—2.1214 — 2.121j) + (—1.061i — 1.061) 


= [61.91 — 61.0j]ft/s” Ans. 
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°16-137. Ball C moves with a speed of 3 m/s, which is 

increasing at a constant rate of 1.5 m/s’, both measured 

relative to the circular plate and directed as shown. At the w = 8 rad/s 
same instant the plate rotates with the angular velocity and a = 5S rad/s” 
angular acceleration shown. Determine the velocity and 

acceleration of the ball at this instant. 


Reference Frames: The xyz rotating reference frame is attached to the plate and 
coincides with the fixed reference frame XYZ at the instant considered, Fig. a. Thus, 
the motion of the xyz frame with respect to the XYZ frame is 


Yo =a = 0 w = [8k] rad/s @ = a = [5k] rad/s” 
For the motion of ball C with respect to the xyz frame, we have 
Icjo = [0.3j] m 
(Vre)xyz = [3i] m/s 


2 
(Viet) xyz 


; p 0.3m 


The normal component of (a set) xyc is (2) 


Thus, 
‘ ; : =30m)s™ 
(a set)xyz = [1.5i — 30j] m/s — 4 [Guadsyeln /: 
: : iw Ny 
Velocity: Applying the relative velocity equation, | Nici? 4 
! wt 
Vo=Vot wx Icjo + (v rel) xyz [Qt eye], 1g ms* 
0 + (8k) x (0.3j) + Gi) (A) 
= [0.6i] m/s 
Acceleration: Applying the relative acceleration equation. 
ac = ag + @ X Icjo + wx (w x Ico) + 2m X (v rel) xyz # (a rel) xyz 
0 + (Sk) X (0.3j) + (8k) X [(8k) X (0.3j)] + 2(8k) X (3i) + (1.5i — 309) 


= [-1.2j] m/s” Ans. 
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16-138. The crane’s telescopic boom rotates with the 
angular velocity and angular acceleration shown. At the 
same instant, the boom is extending with a constant speed 
of 0.5 ft/s, measured relative to the boom. Determine the 
magnitudes of the velocity and acceleration of point B at 
this instant. 


Reference Frames: The xyz rotating reference frame is attached to boom AB and 
coincides with the XY fixed reference frame at the instant considered, Fig. a. Thus, = — a 
the motion of the xy frame with respect to the XY frame is [| 


Vv, =a,=0 wap = [—0.02k] rad/s @,p = a = [—0.01k] rad/s” 
For the motion of point B with respect to the xyz frame, we have 
t/a = [60j] ft (Vre)xyz = [0.5§] ft/s (Arei)xyz = 0 
Velocity: Applying the relative velocity equation, 
Va = Va t+ wap X Veja + (Veet)xyz 
= 0 + (—0.02k) x (60j) + 0.5j 


= [1.21 + 0.5j] ft/s 


Thus, the magnitude of vp, Fig. b, is 


vp = V1.2? + 0.5? = 1.30 ft/s 


Acceleration: Applying the relative acceleration equation, 
ag = ay + Wag X Ppa + Wap X (WB X Epa) + 204B X (Vret)xyz + (ret) xyz 
0 + (—0.01k) X (60j) + (—0.02k) x [(—0.02k) x (60j)] + 2(—0.02k) x (0.5j) + 0 
= [0.62i — 0.024 j] ft/s? 


Thus, the magnitude of az, Fig. c, is 


ap = V0.62? + (—0.024)? = 0.6204 ft/s? 
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16-139. The man stands on the platform at O and runs out 
toward the edge such that when he is at A, y = 5 ft, his mass 
center has a velocity of 2 ft/s and an acceleration of 3 ft/s”, 
both measured relative to the platform and directed along 
the positive y axis. If the platform has the angular motions 
shown, determine the velocity and acceleration of his mass 
center at this instant. 


VA 


VA 


vA = 


ay 


ay 


a, 


ay, = 


=Vo + DX rao + (Vaso) xyz 


= 0 + (05k) X (5j) + 2j 


{—2.50i + 2.00j} ft/s 


= a9 + OX eyo + 1X (OD X Ego) + 20 X (Vajo)xyz + (Asso) xyz 


= 0 + (0.2k) X (5j) + (0.5k) X (0.5k X 5j) + 2(0.5k) X (2j) + 3j 


li 1.25j 


{—3.00i + 1.75j} ft/s? 
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*16-140. At the instant 6 = 45°, link DC has an angular 
velocity of wpc = 4rad/s and an angular acceleration of 
apc = 2 rad/s*. Determine the angular velocity and 
angular acceleration of rod AB at this instant. The collar at 
C is pin connected to DC and slides freely along AB. 


v4 = 0 
a, =0 
Q = agzpk 
OQ = aggk 
c/a = {—3i} ft 
(Voya)xyz = (Uc/a)ret i 
(acja)xyz = (4cya)ret hl 
Vo = cp X ¥cjp = (—4k) X (2 sin 45° + 2 cos 45°j) = [5.65691 — 5.6569j} ft/s 
ac = Acp X Icjp — WD Ic/D 
= (—2k) X (2 sin 45° + 2 cos 45°j) — (4)? (2 sin 45° + 2 cos 45°j) 
= {-19.7990i — 25.4558j} ft/s” 
Vo = Va + O X reya + (Veja) xyz 
5.65691 — 5.6569j = 0 + (wagk) X (—3i) + (vcya)xyz i 
5.65691 — 5.6569j = (ucya)xyzi — 3wapj 
Solving: 
(uc/a)xyz = 5.6569 ft/s 


4p = 1.89 rad/s 5 


ac =a, t+ OX Icja t+ OD X& (OX wea) + 20 X (Weya)eyz + (Acia)xyz 


—19.7990i — 25.4558} = 0 + (aagk) X (—3i) + (1.89k) x [(1.89k) X (—3i)] + 2(1.89k) X (5.65699) + (acya)xyzi 
—19.7990i — 25.4558] = [10.6667 + (acy) xyzli + (21.334 — 3a.48)j 
Solving: 

(4 cya)xyz = —30.47 ft/s? 


aap = 15.6rad/s?_ 9 
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°16-141. Peg B fixed to crank AB slides freely along the 
slot in member CDE. If AB rotates with the motion shown, 
determine the angular velocity of CDE at the instant shown. 


Reference Frame: The xyz rotating reference frame is attached to member CDE oe a qnay 
and coincides with the XYZ fixed reference frame at the instant considered. Thus, pes - 5 ae ‘E F wi 
the motion of the xyz reference frame with respect to the XYZ frame is ao y°\ 


vo = 0 ®cpE = ®cpEk 


For the motion of point B with respect to the xyz frame, 


Ipc = | 0.3° + 034 m = 03V2i 


(V retry = (Yret)xyz C08 45°X + (Vret) aye Sin 45°] = 0.7071 (Vye1) xyz i + 0.7071 (Vret)xyed 


Since crank AB rotates about a fixed axis, v, and ap, with respect to the XYZ 
reference frame can be determined from 


Vp = Wap X Ig 
= (10k) x (—0.3 cos 75° + 0.3 sin 759j) 
= [-2.898i — 0.7765j] m/s 
Velocity: Applying the relative velocity equation, 


VB = Vo + WcDE X Fac + (v ‘ile 


(—2.898i — 0.7765j) = 0 + (wcpgk) x (03v2i) + 0.7071(¥ ret) zye + 0.7071( Veet) 2ye J 


xyz 
~2.898i — 0.7765j = 0.7071 (Vre1)ayed + [0.3V 2acpe + 0.7071(¥ ret) ave 
Equating the i and j components yields 
—2.898 = 0.7071(¥ ret) xyz 
~0.7765 = 0.3V 2wcpg + 0.7071 (V set) xyz 
Solving Eqs. (1) and (2) yields 
(Vrel)xyz = —4.098 m/s 


®cpE = 5S rad/s 
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16-142. At the instant shown rod AB has an angular 
velocity @,gz = 4rad/s and an angular acceleration 
a4 = 2 rad/s’. Determine the angular velocity and angular 
acceleration of rod CD at this instant. The collar at C is pin 
connected to CD and slides freely along AB. 


Wap = 41rad/s 
Qyp = 21rad/s* 


Coordinate Axes: The origin of both the fixed and moving frames of reference are 
located at point A. The x, y, z moving frame is attached to and rotate with rod AB 
since collar C slides along rod AB. 


Kinematic Equation: Applying Eqs. 16-24 and 16-27, we have 


Vo=V4a t+ Q, X IC/A ale (Vo/a) xyz [1] 


ac = ay + OX reyq + DX (DX teya) + 20 X (Vya)aye + C/A) xyz [2] 
Motion of moving reference Motion of C with respect to moving 
v,=0 reference 

a, = 0 TC/A = {0.75i}m 

Q, = 4k rad/s 
Q, = 2k rad/s” 


(Voy) xyz i (cya) xyz i 


(a C/A) xyz = (acja) xyz i 


The velocity and acceleration of collar C can be determined using Eqs. 16-9 and 
16-14 with r¢jp = {—0.5 cos 30° — 0.5 sin 30°j }m = {—0.4330i — 0.250j} m. 


Vc = WcD x Ic/D = —wcpk x (—0.4330i =< 0.250j) 
~0.250e¢pi + 0.43300¢pj 


= 2 
= acp X Icjp — CDIc/D 


= -acpk X (—0.4330i — 0.250) — w2:p(—0.4330i — 0.250j) 
= (0.433002) — 0.250 acp) i + (0.4330acp + 0.2500) j 
Substitute the above data into Eq.[1] yields 
Vo=HVvat QD X rej + (Ve/a)xyz 
-0.250 wep i + 0.4330Wcpj = 0 + 4k X 0.751 + (Ucya)syei 
~0.250w¢pi + 0.43300cp§ = (Ve/A)xyz i + 3.00j 
Equating i and j components and solve, we have 
(UcjA) xyz = —1.732 m/s 
Wcp = 6.928 rad/s = 6.93 rad/s 
Substitute the above data into Eq.[2] yields 


ac =a,+ 0x toa + OX (OX reja) + 20 X (Veja)eyz + (Aci) xyz 


[0.4330 (6.9287) — 0.250 acp]i + [0.4330acp + 0.250(6.9287) ]j 


= 0 + 2k X 0.75i + 4k X (4k X 0.751) + 2 (4k) & (—1.732i) + (acya) xyz i 
(20.78 — 0.250acp)i + (0.4330 acp + 12)j = [(acja)sve — 12.0]i — 12.36 
Equating i and j components, we have 
(4c/A)xyz = 46.85 m/s” 


acp = —56.2 rad/s? = 56.2 rad/s? 5 
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16-143. At a given instant, rod AB has the angular 
motions shown. Determine the angular velocity and angular 
acceleration of rod CD at this instant. There is a collar at C. 


@,p = Srad/s 
ap = 12 rad/s” 


v4 = 0 ft 
a, = 0 


Q, = {-5k} rad/s 


Q, = {-12k} rad/s? 
Ycja = {2i} ft 
(Vo/a) xyz as (ucja) xyz i 
(acja)xyz = (acja)xyz i 
Vo = VA + QD X Yeya + (Vesa) xyz 
Vo = 0 + (—5k) X (21) + (Ucya) xyai 
= (Ucya)xyzt — 10j 
Vo = cp X ¥cp 
(vcya)xyz i — 10j = (-@cpk) X (2cos 60° + 2 sin 60°j) Wha? Sradls 
Ong s2.r0dfg> 
(Ucja)xyz i — 10j = 1.732w¢epi — wcpj 
Solving: 
cp = 10rad/s_ 2D 
(vcya)xyz = 1.732(10) = 17.32 ft/s 


ac = ag t+ OX req t+ OX (OX Beya) + 20 X (Veja)ayz + (cia) xyz 


ac = 0 + (—12k) X (2i) + (—S5k) X [(-5k) X (2i)| + 2(—5k) X [(vcya) xyal] + (c/a) xyz it 


= [(acja)xyz ~ 50]i = [10@cy4)xye + 24 ]j 
Ac = Acp X ¥cjp — ep Kcp 


[(acja)xyz — 50 i — [10(17.32) + 24]j = (-acpk) X (2 cos 60° + 2 sin 60°j) — (10)°(2 cos 60° + 2 sin 60°j) 


[(acja)xyz ~ 50|i — (10(17.32) + 24]j = (1.732 acp — 100)i — (acp + 173.2)j 
Solving: 
—[10(17.32) + 24] = -(acp + 173.2) — acp = 24rad/s?-D 


(acja)xyz — 50 = 1.732(24) — 100 (acya)xyz = —8.43 ft/s? 
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*16-144. The dumpster pivots about C and is operated 
by the hydraulic cylinder AB. If the cylinder is extending 
at a constant rate of 0.5 ft/s, determine the angular 
velocity w of the container at the instant it is in the 
horizontal position shown. 


= 5j 


= 0.5j 
4 3 
eee 
5 (i + [oj 


=vat OX veya + (Veya)xyz 


= (1) = (1) = 0 + (Ok) X (5j) + 0.5j 


Vt Wag 5H 


= (1) se(1)j = 0(5)i + 0.5j 


Thus, 
w = 0.833 rad/s S 


QO, = 0.133 rad/s 
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e16-145. The disk rolls without slipping and at a given 
instant has the angular motion shown. Determine the 
angular velocity and angular acceleration of the slotted link 


BC at this instant. The peg at A is fixed to the disk. w = 2rad/s 
a = 4rad/s* 


= —(1.2)(2)i = —2.4i ft/s 

= ap + @ X Fao — OT Ao 

= —4(0.7)i + (4k) x (0.5j) — (2)°(0.5j) 
= -4.8i — 2j 


= vet QO X rag + (Vaya)xyz 


4 3 
—2.4i = 0 + (wgck) X (1.61 + 1.2)) 4 val $i van (2) 


~2.4i = 1.6 wpe j — 1.2 wgci + 08vajpi + 0.6V 4/85 
-2.4 = -1.2 ogc + 08 Vays 
0 = L6mgc + 0.6V.4/ 
Solving, 

pc = 0.720 rad/s 5 

Va/p = —1.92 ft/s 

ay =agt OX raygp + O X (OX rayp) + 20 X (Vasp)eye + (aya)eye 
—4.8i — 2) = 0 + (agck) X (1.61 + 1.2j) + (0.72k) X (0.72k X (1.61 + 1.29)) 
+2(0.72k)  |—(0.8)(1.92)i — 0.6(1.92)j] + 0.8 agyi + 0.6ag; aj 


—4.8i — 2j = 16agcj — 1.2agci — 0.82941 — 0.62215 — 2.2118] + 1.65891 + 0.8ag/4i + 0.6ap/ 5 


4.8 = —1.2agc — 0.8294 + 1.6589 + 0.8ag/4 


—2 = 1.6ag¢ — 0.6221 — 2.2118 + 0.6ag/4 
Solving, 
apo = 2.02 rad/s*> 5 


apja = —4.00 ft/s? 
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16-146. The wheel is rotating with the angular velocity 
and angular acceleration at the instant shown. Determine 
the angular velocity and angular acceleration of the rod at 
this instant. The rod slides freely through the smooth collar. 


Reference Frame: The xyz rotating reference frame is attached to C and coincides 
with the XYZ fixed reference frame at the instant considered, Fig. a. Thus, the 
motion of the xyz reference frame with respect to the XYZ frame is 


Vo = ac = 0 4B = —@,pk Map = —a4pk 


From the geometry shown in Fig.a, 


rac = V0.3? + 0.727 = 0.78 m 


0.72 
6= tan! (2) = 67.38° 


For the motion of point A with respect to the xyz frame, 


Tajc = [-0.78i] m (Veet) xyz > (Vee) xyz tl (et) xyz = (Gre) xyz I 


Since the wheel A rotates about a fixed axis, v, and a, with respect to the XYZ 
reference frame can be determined from 


Va =~WXY,4 
(—8k) X (—0.3 cos 67.38°i + 0.3 sin 67.38°j) 
[2.215i + 0.9231j] m/s 
=axry- wr a 
= (—4k) X (—0.3 cos 67.38°I + 0.3 sin 67.38° j) — 8°(—0.3 cos 67.38°I + 0.3 sin 67.38°j) 
= [8.4921 — 17.262j] m/s” 
Velocity: Applying the relative velocity equation, we have 
Va = Vo + Wap X Lajc + (Vet) xyz 
2.215i + 0.9231j = 0 + (—wagk) X (—0.78i) + (V re)xyz i 
2.2151 + 0.9231j = (Vret)xyz i + 0.78042 j 
Equating the i and j components yields 
(Vretxyz = 2.215 m/s 
0.78 4g = 0.9231 wap = 1.183 rad/s = 1.18 rad/s 
Acceleration: Applying the relative acceleration equation. 
a4 = ac + @yp X Yajc + @aB X (Wa4B X Vajc) + 20AB X (Vret)xyx + (Aret)xyz 


8.4921 — 17.262) = 0 + (—a gk) X (—0.78i) + (—1.183k) X [(-1.183k) x (—0.78i)] + 2(-1.183k) X (2.215%) + (4 yet) eye 


8.4921 — 17.262j = [(4re1) 


+ 1.092]i + (0.784% — 5.244)j 


XYZ 
Equating the j components yields 
—17.262 = 0.78a43 — 5.244 


aap = —15.41 rad/s? = 15.4 rad/s? 5 
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16-147. The two-link mechanism serves to amplify angular 
motion. Link AB has a pin at B which is confined to move 
within the slot of link CD. If at the instant shown, AB (input) 
has an angular velocity of @4, = 2.5 rad/s and an angular 
acceleration of a4, = 3rad/s*, determine the angular 
velocity and angular acceleration of CD (output) at this 
instant. 


4p = 2.5 rad/s | 
Oy, = 3rad/s? / 
/ 


Vv=0 

ac=0 

Q = -apck 

Q. = -apck 

Igic = {—0.15 i} m 

(Va/c)xyz = (VByc)xyz i 

(Aagjc)xyz = (4p/c) xyz i 

Vp = ap X ¥pia = (—2.5k) X (—0.2 cos 15°i + 0.2 sin 15°j) 
{0.1294i + 0.4830j} m/s 

= Gap X Veja — OAR IBA 

(—3k) X (—0.2 cos 15° + 0.2 sin 15°j) — (2.5)?(—0.2 cos 15° + 0.2 sin 15°j) 
{1.36271 + 0.2560j} m/s” 


VB =Vot QO x T/C a5 (Vajc)xyz 


Xyg23 rad/s* 
0.12944 + 0.4830j = 0 + (—ewpck) X (—0.15i) + (vpic)xyei 


0.12941 + 0.4830j = (vajc)xyei + 0.15 pj 
Solving: 
(vgjc)xyz = 0.1294 m/s 
pc = 3.22 rad/s 2 
ag = ac + OX gc + OX (OX Epc) + 20 X (WaC)xye + (ABC) yz 


1.3627i + 0.2560j = 0 + (—apck) x (—0.15i) + (—3.22k) x | (—3.22k) x (—0.15i)] + 2(—3.22k) X (0.12941) + (apjc)xyci 


1.3627i + 0.2560j = [1.5550 + (agjc)syz |i + (0.15 apc — 0.8333)j 
Solving: 
(ag/c)xyz = —0.1923 m/s? 


Apc = 7.26 rad/s* Dd 
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*16-148. The gear has the angular motion shown. Determine w = 4rad/s 
the angular velocity and angular acceleration of the slotted link a = 6 rad/s” va 
BC at this instant. The peg A is fixed to the gear. 


Coordinate Axes: The origin of both the fixed and moving frames of reference are 
located at point B. The x, y, z moving frame is attached to and rotates with rod BC 
since peg A slides along slot in member BC. 


Kinematic Equation: Applying Eqs. 16-24 and 16-27, we have 
V4 = Vp + O X vayp t+ (Vaya) xyz 
a,=agt+ 0x aja + OX (QO X rayg) + 20 X (Wayp)eyz + (@aya)xyz 


Motion of moving reference Motion of C with respect to moving 
reference 

VB 0 fe 

T4/B ae {1.25i} m 


ag 0 
Q = xe k (Vaya)xyz = (vaya) xyz 1 


Q= apck (a4/B) xyz = (days) xyz i 


The velocity and acceleration of peg A can be determined using Eqs. 16-16 and 
16-18 with rajp = {0.5 cos 34.47° + 0.5 sin 34.47°j} m = {0.4122i + 0.2830j} m. 


V4 = Vp +o X tap = 0 + 4k X (0.4122i + 0.28309) 
= {—1.1319i + 1.6489j} m/s 
=apt+aX tap —- wt a/p 
= 6.40 sin 18.66°I + 6.40 cos 18.66°j + 6k X (0.41221 + 0.2830j) — 42(0.4122i + 0.2830j) 
= {—6.2454i + 4.0094j} m/s” 
Substitute the above data into Eq.[1] yields 
Va = Vea + OX rayp + (Vaya) xyz 
~1.13191 + 1.6489j = 0 + wack X 1.25% + (Vayp)yyei 


—1.1319i rs 1.64895 a (Va/B)xyzh F 1.25 wzcj 


Equating i and j components and solving, we have 
(v4 B)x = —1.1319 m/s 
ees G=47*(0-4) 
gc = 1.3191 rad/s = 1.32 rad/s : > 6.40 m/s* 
Substitute the above data into Eq.[2] yields 
a, = ag + OX rajp t+ OX (OX rayp) + 20 X (Vayp)xye + (@aa)aye 


—6.2454i + 4.0094j = 0 + agck X 1.251 + 1.3191k X (1.3191k X 1.251) + 2(1.3191k) X (—1.13199) + (aayp)syei 


—6.2454i + 4.0094j = | (aa/p)xyz — 2.1751 ]i + (1.25agc — 2.9861)j 
Equating i and j components, we have 
(44/z)xyz = —4.070 m/s” 


apc = 5.60 rad/s” 
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¢16-149. Peg B on the gear slides freely along the slot in 
link AB. If the gear’s center O moves with the velocity and 
acceleration shown, determine the angular velocity and 
angular acceleration of the link at this instant. 


Gear Motion: The JC of the gear is located at the point where the gear and 
the gear rack mesh, Fig. a. Thus, 


Then, 


VB Or B/IC 20(0.3) 6 m/s = 


1.5 
Since the gear rolls on the gear rack,a = #0 01s 10 rad/s. By referring to Fig. b, 
r : 


ap=agtax rBio — w ¥B/0 
(ag)i — (ag), j = 1.5i + (—10k) x 0.15} — 20°(0.15j) 


(az): 4 — (4p)nj = 3i — 60; 


Thus, 
(ag), = 3 m/s* (ag)n = 60 m/s” 


Reference Frame: The x'y'z’ rotating reference frame is attached to link AB and 
coincides with the XYZ fixed reference frame, Figs. c and d. Thus, vz and ag with 
respect to the XYZ frame is 


Vz = [6 sin 30° — 6 cos 30° j] = [31 — 5.196j] m/s G,2/5/s* 
ap = (3 sin 30° — 60 cos 30°)i + (—3 cos 30° — 60 sin 30°)j Ease 
= fi = 
= [-50.46i — 32.60j] m/s” 
For motion of the x’y'z' frame with reference to the XYZ reference frame, 
Va=a,=0 ap = —apk ap = —Qagk 
For the motion of point B with respect to the x’y’z’ frame is 
rB/aA = [0.6j]m (Veet) x'y'2’ = (ren) x'y'z'J (Art) x'y'z’ a (Gre) x'y'z J 


Velocity: Applying the relative velocity equation, 


Vp = V4 + wap X YBa + (Vrei)x'y'z! 


3i — 5.196j = 0 + (—wagk) X (0.6§) + OreadeyeJ 
3i — 5.196j = 0.6w,gi + (rel) yy 25 
Equating the i and j components yields 
3 = 0.604 @,p = 5 rad/s 
(Veet) x'y'z" = —5.196 m/s 
Acceleration: Applying the relative acceleration equation. 


ag = ag + @yp X ¥p/q + ap X (Wap X Beja) + 2@4B X (Vrerv'y'z? + (@reddv'y'z 


50.461 — 32.60j = 0 + (—aagk) X (0.6j) + (—Sk) X [(—5k) X (0.6j)] + 2(—5k) X (—5.196j) + (rei) yvyr2 


50.461 — 32.60j = (0.6a4g — 51.96)i + [ (Greve — 15]j 
Equating the i components, 


aap = 2.5 rad/s” 
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16-150. At the instant shown, car A travels with a speed of 
25 m/s, which is decreasing at a constant rate of 2m/s’, 
while car B travels with a speed of 15m/s, which is 
increasing at a constant rate of 2m/s’. Determine the 
velocity and acceleration of car A with respect to car B. 


Reference Frames: The xyz rotating reference frame is attached to car B and 


coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since 
200 m 
car B moves along the circular road, its normal component of acceleration is 


ve 15" 
(ag)n = —_ 350 > 0.9 m/s”. Thus, the motion of car B with respect to the XYZ 
p 


frame is 


Vg = [-15i] m/s 
ag = [—2i + 0.9j] m/s” 


Also, the angular velocity and angular acceleration of the xyz frame with respect to 
the XYZ frame is 


a a ~ = 0.06 rad/s w = [—0.06k] rad/s 
p 


= = 2 nn on 2 
750 0.008 rad/s @ = [—0.008k] rad/s 


The velocity of car A with respect to the XYZ reference frame is 
va = [25j] m/s a, = [-2j] m/s” 
From the geometry shown in Fig. a, 
T4yp = [—200j] m 
Velocity: Applying the relative velocity equation, 
VA = Vp + w X Faye t+ (Veet)xyz 
25j = —15i + (—0.06k) x (—200j) + (rer) xyz 
25) = —271 + (Veet) xyz 
(Vrexyz = [271 + 25j] m/s 
Acceleration: Applying the relative acceleration equation, 


a, = ag + w xX T4/B + w X (w X r4/s) + 2w X (V ret) xyz + (Aret) xyz 


2j = (—2i + 0.9) + (—0.008k) x (—200j) + (—0.06k) x [(—0.06k) x (—200j)] + 2(-0.06k) x (271 + 25j) + (@ser)sye 


2j = —0.61 — 1.625 + (a yer)xyz 


(a rel) xyz = [0.61 = 0.383] m/s* 
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16-151. At the instant shown, car A travels with a speed of 
25m/s, which is decreasing at a constant rate of 2m/s’, 
while car C travels with a speed of 15m/s, which is 
increasing at a constant rate of 3m/s’. Determine the 
velocity and acceleration of car A with respect to car C. 


Reference Frame: The xyz rotating reference frame is attached to car C and 
coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since 


car C moves along the circular road, its normal component of acceleration is 


ve? 15? 
(ac)n = £ = 350 7 0.9 m/s”. Thus, the motion of car C with respect to the XYZ 
p 


frame is 


Vo = —15 cos 45° — 15 sin 45°j = [-10.607i — 10.607j] m/s 
ac = (—0.9 cos 45° — 3 cos 45°)i + (0.9 sin 45° — 3 sin 45°)j = [—2.758i — 1.485j] m/s” 
Also, the angular velocity and angular acceleration of the xyz reference frame is 


ss ME tS 0.06 rad/s = [-0.06k] rad/s 
3 750 : o : 


a (ac)s 


ra) - = 0.012 rad/s” @ = [—0.012k] rad/s? 


p 250 


The velocity and accdeleration of car A with respect to the XYZ frame is 

va = [25j] m/s a, = [-2j] m/s” 
From the geometry shown in Fig. a, 

tac = —250 sin 45°% — (450 — 250 cos 45°)j = [-176.78i — 273.22j] m 

Velocity: Applying the relative velocity equation, 

VA = Vo + w X Lac + (Veet) xyz 

25j = (—10.607i — 10.607j) + (—0.06k) x (—176.78i — 273.22j) + (¥ ret)xyz 
25) = —271 + (Veet) xyz 
(Vretxyz = [271 + 25j] m/s 
Acceleration: Applying the relative acceleration equation, 
ay = act @X rac t+ @ X (@ X Payc) + 2 X (Vyerayz + (A ret)xyz 
—2j = (—2.758i — 1.485j) + (—0.012k) x (—176.78i — 273.22j) 
+ (—0.06k) x [(—0.06k) < (—176.78i — 273.22j)] + 2(—0.06k) X (271 + 25j) + (Arer)xyz 


2j = —2.4i — 1.62§ + (@reayz 


(Aci) xyz = [2.41 — 0.38j] m/s? 
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*16-152. At the instant shown, car B travels with a speed 
of 15 m/s, which is increasing at a constant rate of 2m/s’, 
while car C travels with a speed of 15m/s, which is 
increasing at a constant rate of 3m/s’. Determine the 
velocity and acceleration of car B with respect to car C. 


Reference Frame: The xyz rotating reference frame is attached to C and coincides 
with the XYZ fixed reference frame at the instant considered, Fig. a. Since B and C 
move along the circular road, their normal components of acceleration are 
2 2 2 2 
ve 15 ve" 15 


(ag)n = 250 =0.9m/s? and (ac), = pp 250 = 0.9m/s*. Thus, the 


motion of cars B and C with respect to the XYZ frame are 

vz = [-15i] m/s 

Vc = [-15 cos 45° — 15 sin 45°j] = [—10.607i — 10.607j] m/s 

ag = [—2i + 0.9j] m/s” 

ac = (—0.9 cos 45°—3 cos 45°)i + (0.9 sin 45°—3 sin 45°)j = [—2.758i — 1.485 j] m/s” 


Also, the angular velocity and angular acceleration of the xyz reference frame with 
respect to the XYZ reference frame are 


Vo 15 

o = — = ~~ = 0.06 rad/s w = [—0.06k] rad/s 
p 250 

Go), = 2 m/s 


= —— = 0.012 rad/s” @ = [-0.012k] rad/s? ) 


ie (4c)1 
p 250 


From the geometry shown in Fig. a, 
pic = —250 sin 45° — (250 — 250 cos 45°)j = [-176.78i — 73.22 j] m 
Velocity: Applying the relative velocity equation, 


Vp =Vo+towxX TB/C + (V ret)xyz 


15i = (—10.607i — 10.607j) + (—0.06k) x (—176.78i — 73.22j) + (Veet) xyz 
—15i = —159 + (Veer) xyz 
(Vret)xyz = 0 
Acceleration: Applying the relative acceleration equation, 


ag = act @ X TB/c +wxXx (w x Igic) + 2w X (Vret)xyz + (a rel) xyz 


i + 0.9j = (—2.758i — 1.485j) + (—0.012k) x (—176.78i — 73.22j) 


+(—0.06k) x [(—0.06k) X (—176.78i — 73.22j)] + 2(—0.06k) X 0 + (Are) xyz 


2i + 0.95 = —3i + 0.95 + (@er)xyz 


(a rel) xyz = [1i] m/s 
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¢16-153. At the instant shown, boat A travels with a speed 
of 15m/s, which is decreasing at 3 m/s”, while boat B travels 
with a speed of 10m/s, which is increasing at 2m/s’. 
Determine the velocity and acceleration of boat A with 
respect to boat B at this instant. 


Reference Frame: The xyz rotating reference frame is attached to boat B and 
coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since 
boats A and B move along the circular paths, their normal components of 
pa Se ; ve 10 ; 
acceleration are (a4), = ape a 4.5 m/s° and (ag), = tye Pag 2 m/s”. 
Thus, the motion of boats A and B with respect to the XYZ frame are 
v4 = [15j] m/s Vp = [-10j] m/s 
a, = [—4.5i — 3j] m/s” ag = [2i — 2j] m/s* 


Also, the angular velocity and angular acceleration of the xyz reference frame with 
respect to the XYZ reference frame are 


10 
Le 5p = 0-2 1ad/s w = [0.2k] rad/s 


2 
o= (a5), = = 0.04 rad/s” @ = [0.04k] rad/s* 


p 50 G).= 3m/s* Y=/0m]s 


And the position of boat A with respect to B is e2 
yajB = [—20i] m 
Velocity: Applying the relative velocity equation, 
Va = Veg t+ @X Vajp t+ (Veet)xyz 


15j = —10j + (0.2k) X (—208) + (Vrer)xyz 


15j = —14j ve (Vret)xyz 
(Veet) xyz = [29j] m/s 
Acceleration: Applying the relative acceleration equation, 


a, = ag t+ @X yap t+ @ X (@ X Pgjp) + 20 X (Veetxye + (ret) xyz 


(—4.5i — 3j) = (2i — 2j) + (0.04k) x (—20i) + (0.2k) x | (0.2k) x (—20i)] + 2(0.2k) X (29j) + (Aer) aye 


4.51 — 3) = —8.8i — 2.8) + (@erayz 


(et) xyz = [4.31 = 0.2j] m/s” 
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16-154. At the instant shown, boat A travels with a speed 
of 15m/s, which is decreasing at 3 m/s”, while boat B travels 
with a speed of 10m/s, which is increasing at 2m/s’. 
Determine the velocity and acceleration of boat B with 
respect to boat A at this instant. 


Reference Frame: The xyz rotating reference frame is attached to boat A and 
coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since 
boats A and B move along the circular paths, their normal components of 
va’ 15? : ve 10° . 
acceleration are (a4), = —— = 50 7 4.5 m/s° and (ag), = re mie 2 m/s”. 
Thus, the motion of boats A and B with respect to the XYZ frame are 
v4 = [15j] m/s Vg = [-10j] m/s 
a4 = [—4.5i — 3j] m/s” ag = [2i — 2j] m/s* 


Also, the angular velocity and angular acceleration of the xyz reference frame with 
respect to the XYZ reference frame are 


te 0.3 rad/s w = [0.3k] rad/s 


es (a4): 


S e5ee 0.06 rad/s” @ = [—0.06k] rad/s” 
p 


And the position of boat B with respect to boat A is 
TB/A = [20i] m 
Velocity: Applying the relative velocity equation, 


Vp =Vatowx TB/A ay (Vretxyz 


~10j = 15j + (0.3k) X (201) + (Veer) xyz 


—10j = 21j pa (Vret)xyz 
(Vretxyz = [-31j] m/s 
Acceleration: Applying the relative acceleration equation, 


ag = ag + @ X Fg,q + O(@ X Fgya) + 20 X (Vreieye + (Aretdxyz 


(2i — 2j) = (—4.5i — 3j) + (—0.06k) (20%) + (0.3k) x [(0.3k) x (20i)| + 2(0.3k) X (—31j) + (@er)ay2 


2i — 2j = 12.31 — 4.29 + (Aerxyz 


(Act) xyz = [—10.3i + 2.2j] m/s* 
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16-155. Water leaves the impeller of the centrifugal pump 
with a velocity of 25m/s and acceleration of 30m/s”, both 
measured relative to the impeller along the blade line AB. 
Determine the velocity and acceleration of a water particle 
at A as it leaves the impeller at the instant shown. The 
impeller rotates with a constant angular velocity of 
w = 15 rad/s. 


Reference Frame: The xyz rotating reference frame is attached to the impeller and 
coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Thus, 
the motion of the xyz frame with respect to the XYZ frame is 


Yo =a = 0 w = [—15k] rad/s wo=0 
The motion of point A with respect to the xyz frame is 


Tajo = [0.3j] m 


7 Y, 
(Vret)aye = (—25c0s 30°41 + 25 sin 30°j) = [—21.651 + 12.5j] m/s Vn )ey.= 25s wt 
(Ah) pe =3Om|s* 


(Aei)xyz = (—30cos 30°41 + 30 sin 30°j) = [-25.981 + 15j] m/s” 
Velocity: Applying the relative velocity equation. 
Va = Vo t @X Py + (Vretxyz 
0 + (—15k) X (0.3j) + (—21.65i + 12.5j) 
= [-17.2i + 12.5j] m/s 
Acceleration: Applying the relative acceleration equation, 
a4 = ag + @X Fag + w X (WX Fao) + 20 X (Very + (Are) xyz 


= 0 + (-15k) x [(-15k) x (0.3j)] + 2(-15k) X (—21.65i + 12.5j) + (—25.98i + 15j) 


= [3491 + 597j] m/s” Ans. 
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*16-156. A ride in an amusement park consists of a rotating ow! = 0.5 rad/s 
arm AB having a constant angular velocity w4g = 2 rad/s - 

about point A and a car mounted at the end of the arm which 

has a constant angular velocity w’' = {—0.5k} rad/s, 2 


measured relative to the arm. At the instant shown, determine 
the velocity and acceleration of the passenger at C. 


, O02 
¥gia = (10 cos 30°% + 10 sin 30°j) = [8.661 + 5j} ft 
Vg = @ap X tga = 2K X (8.661 + 5j) = {-10.0i + 17.32j} ft/s 


7 2 
ap = Oyp X Vp/a — WABlB/A 


= 0 — (2)° (8.661 + 5j) = {-34.64i — 20j} ft/s? 
(2 — 0.5)k = 1.5k 


=vet OD X rojg t (Voyp)xyz 


10.01 + 17.32j + 1.5k X (—2j) + 0 
{—7.00i + 17.39} ft/s 


=a, + 2x Iojp + O X (O X veg) + 20 X (Veyp) xyz + (Ac/B)xyz 


34.64) — 20j + 0 + (1.5k) x (1.5k) X (—2j) + 0+ 0 


(34.61 — 15.5j} ft/s? 


e16-157. A ride in an amusement park consists of a ow’ = 0.5 rad/s 
rotating arm AB that has an angular acceleration of 
aap = 1rad/s* when w,, = 2 rad/s at the instant shown. 
Also at this instant the car mounted at the end of the arm 
has an angular acceleration of a’ = {—0.6k} rad/s* and 
angular velocity of w’ = {—0.5k} rad/s, measured relative 
to the arm. Determine the velocity and acceleration of the 
passenger C at this instant. 


B 


rg/a = (10 cos 30°% + 10 sin 30°j) = {8.661 + Sj} ft 
Vp = ag X tp = 2k X (8.661 + 5j) = {-10.01 + 17.32§} ft/s 


_ 2 
ag = Gap X tga — Wap e/a 


= (1k) X (8.661 + 5j) — (2)?(8.66i + Sj) = {—39.64i — 11.34j} ft/s? 


Q = (2-0.5)k = 1.5k 
Q = (1 — 0.6)k = 0.4k 


Vo = Vg + © X oye + (Voya) xyz 


= —10.01 + 17.32j + 1.5k xX (—2j) + 0 


= {—7.00i + 17.3j} ft/s 


ac = ag + O X rep + OX (OX Feyg) + 20. X (Veyp) aye + (Ac/B) xyz 


= —39.64i — 11.34j + (0.4k) x (—2j) + (1.5k) X (1.5k) X (—2j) +0 +0 


= {38.81 — 6.84j} ft/s’ Ans. 
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16-158. The “quick-return” mechanism consists of a crank 
AB, slider block B, and slotted link CD. If the crank has the 
angular motion shown, determine the angular motion of the 
slotted link at this instant. 


re AG 
= 2 
a,4p = 9 rad/s Ae NG 


vg = 3(0.1) = 0.3 m/s 

(ag), = 9(0.1) = 0.9 m/s” 

(ag )n = (3) (0.1) = 0.9 m/s? 

Ve =Vo + OX rac + (Vajc)xyz 

0.3 cos 60° + 0.3sin 60°j = 0 + (wepk) X (0.3i) + Vajci 
Vac = 0.15 m/s 

cp = 0.866 rad/s 5 


ag =ac+ 0X pic + OX (OX rpc) + 20 X (Vac)eyz + (Asyc)xyz 
Yi 

Veidege 
+(0.866k) X (0.866k X 0.3i) + 2(0.866k X 0.15i) + apgjci (ch xy 
(A_),=4°C00) mms 


0.9 cos 60°I — 0.9 cos 30° + 0.9 sin 60°j + 0.9 sin 30° = 0 + (acpk) X (0.3i) 


—0.3294i + 1.2294j = 0.3acpj — 0.225: + 0.2598j + agyci 
apc = —0.104 m/s? 


acp = 3.23 rad/s’ 5 
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16-159. The quick return mechanism consists of the crank 
CD and the slotted arm AB. If the crank rotates with the 
angular velocity and angular acceleration at the instant 
shown, determine the angular velocity and angular 
acceleration of AB at this instant. 


Reference Frame: The xyz rotating reference frame is attached to slotted arm AB 
and coincides with the XYZ fixed reference frame at the instant considered, Fig. a. 
Thus, the motion of the xyz reference frame with respect to the XYZ frame is 


V4=a4,=0 @aB = pk Map = Aapk 


For the motion of point D with respect to the xyz frame, we have 


Ip/a = [4i] ft (Vret)xyz = (Vret)xyal (et) xyz = (Gre) xyz i 


Since the crank CD rotates about a fixed axis, vp) and ap with respect to the XYZ 
reference frame can be determined from 


Vp = cp X Ip 
(6k) X (2 cos 30° i — 2 sin 30° j) 
[6i + 10.39j] ft/s 
= acp X tp ~ @cp’ tp 
= (3k) X (2 cos 30°i — 2 sin 30° j) — 6°(2 cos 30° i — 2 sin 30° j) 
= [—59.35i + 41.20j] ft/s? 
Velocity: Applying the relative velocity equation, 
Vp = Va + Map X psa + (Vret)xyz 


6i + 10.39 j =O+ (@ 4k) x (4i) EP (Vret)xyz i 


61 + 10.39§ = (Vrei)xyzi + 4o4nj 
Equating the i and j components yields 

(Vret)xyz = 6 ft/s 

10.39 = 4wap @,g = 2.598 rad/s = 2.60 rad/s Ans. 
Acceleration: Applying the relative acceleration equation, 

Ap = ag + MgB X Mpa + Map X (Maw X Tap) + 2@4B X (Verve + (ret xyz 


—59.35i + 41.20j = 0 + (aagk) X 4i + 2.598k X [(2.598k) x (4i)] + 2(2.598k) X (68) + (Arer) eye i 


—59,35i + 41.20j = (ade . 2h + (4a4g + 31.18)j 


Equating the i and j components yields 
41.20 = 4da4z + 31.18 


aap = 2.50 rad/s” 
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*16-160. The Geneva mechanism is used in a packaging 
system to convert constant angular motion into intermittent 
angular motion. The star wheel A makes one sixth of a 
revolution for each full revolution of the driving wheel B 
and the attached guide C.To do this, pin P, which is attached 
to B, slides into one of the radial slots of A, thereby turning 
wheel A, and then exits the slot. If B has a constant angular 
velocity of wg = 4 rad/s, determine w, and a, of wheel A 
at the instant shown. 


The circular path of motion of P has a radius of 


rp = 4tan 30° = 2.309 in. 


vp = —4(2.309)j = —9.238j 


ap = —(4)°(2.309)i = —36.95i 


Vp = V4 + O X vpya t+ (Vpya) xyz 


Solving, 


o, = 0 3 Woh)sye 
(Gon) xyz 


VP/A = 9.238 in./s 


ap =a, t+ OX pj + OX (O X wpa) + 20 X (vpya)eye + (Ap/a)xyz 


—36.95i = 0 + (ayk) X (4j) + 0+ 0 — apjaj 
Solving, 
—36.95 = —4a,4 
a4 = 9.24rad/s? 5 


aP/A =0 
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¢17-1. Determine the moment of inertia /, for the slender 
rod. The rod’s density p and cross-sectional area A are 
constant. Express the result in terms of the rod’s total mass m. 


17-2. The right circular cone is formed by revolving the 
shaded area around the x axis. Determine the moment of 
inertia J, and express the result in terms of the total mass m 
of the cone. The cone has a constant density p. 


= pdV = p(m y’ dx) 


h r 
2 
4, (5s dx = on 


1 
= zy dm 


1 
2 y* (pz y* dx) 
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17-3. The paraboloid is formed by revolving the shaded 
area around the x axis. Determine the radius of gyration k,. 
The density of the material is p = 5 Mg/m’. 


dm = p 7 y’ dx = pa (50x) dx 


1 200 
= [5 yam => f 50 x {a p (S0x)} dx 
2 2 Jo 


502 1 ; 200 
on)" 


= px()co0y 


200 
am = / a p (50x) dx 
0 


1.7200 
pw (50)|5 ral 


= px ( e200? 


ee: ae (200) = 57.7 mm 
m 3 


*17-4. The frustum is formed by rotating the shaded area 
around the x axis. Determine the moment of inertia J, and 
express the result in terms of the total mass m of the 
frustum. The frustum has a constant density p. 


b2 


dm = pdV = pay’ dx = pm( 5x 
a 


6b , 


x 
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017-5. The paraboloid is formed by revolving the shaded 
area around the x axis. Determine the moment of inertia 
about the x axis and express the result in terms of the total 
mass m of the paraboloid. The material has a constant 
density p. 


dm = pdV = p(y’ dx) 


17-6. The hemisphere is formed by rotating the shaded 
area around the y axis. Determine the moment of inertia J, 
and express the result in terms of the total mass m of the 
hemisphere. The material has a constant density p. 


m= [ av=p | ntdy= pn | (? ~ dy 
Vv 0 0 


1 Me 2) 


3° |p 3 


ee ip SPT ag a BOT ag hp 
ty= f Stam 2 fnatay = fe yay 
pw 


>| 
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17-7. Determine the moment of inertia of the 
homogeneous pyramid of mass m about the z axis. The 
density of the material is p. Suggestion: Use a rectangular 
plate element having a volume of dV = (2x)(2y)dz. 


dm 2 sett 
dl, = Fz [@yP + Gy] = gram 1 = 46 


dm = 4py* dz 


4hez \ 6h 22 4hz3 \ Z)dz = 2(S)[« 2nW 
: . 6 \n' 


jj 
axnzy/” [ee 1 
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*17-8. Determine the mass moment of inertia J, of the 
cone formed by revolving the shaded area around the z axis. 
The density of the material is p. Express the result in terms Z= Lr —y) 
of the mass m of the cone. 


Differential Element: The mass of the disk element shown shaded in Fig. a is 
2 


lo 'o 
dm = p dV = pmr’dz. Here,r = y = 1 — ye Thus, dm = p7\ ro — ne dz. The 


mass moment of inertia of this element about the z axis is 


1 i 1 1 ea\ 
3 dmr =35 (pmr-dz)r* = 3 pmridz = £ pal = 7) dz 


Mass: The mass of the cone can be determined by integrating dm. Thus, 


h r 2 
m= fdm= f pn{r— 2 dz 
0 h 


1 i 
= 5 PT S| %o 


From the result of the mass, we obtain par,?h = 3m.Thus, I, can be written as 


ee ere Ape eee Dies ede 
= 19 (Po h)ro = 108" = Joie Ans. 
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°17-9. Determine the mass moment of inertia J, of the 
solid formed by revolving the shaded area around the y 
axis. The density of the material is p. Express the result in 
terms of the mass m of the solid. 


Differential Element: The mass of the disk element shown shaded in Fig. a is 


if ea 
dm = p dV = par’dy. Here,r = z = 4g): Thus, dm = px(Z ») 


The mass moment of inertia of this element about the y axis is 
pi 


iF gad ee 4d _il € a = 8d 
5dr’ = (pmr'dy)r’ = spmr'dy = spa\ ay’) dy = sayy 


Mass: The mass of the solid can be determined by integrating dm. Thus, 


2M oat i pt y 
o Jam ih 16° 46\ S15 


Mass Moment of Inertia: Integrating d/,, we obtain 


2m pt 
= a 8 
I, fas, | 572 7 4 
2m 


_ pm fy _ 7 
512\ 9 }|o 9 


; Sm : 
From the result of the mass, we obtain 7p = s Thus, /, can be written as 


AD 
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17-10. Determine the mass moment of inertia J, of the 
solid formed by revolving the shaded area around the y 
axis. The density of the material is p. Express the result in 
terms of the mass m of the semi-ellipsoid. 


Differential Element: The mass of the disk element shown shaded in Fig. a is 


y fal 
dm = p dV = par’dy.Here,r = z = b 1 — =. Thus,dm = pa} by/1 — = | dz 
a a 


2 
= pxv'(1 a y. The mass moment of inertia of this element about the y axis is 
a 


4 


1 1 1 1 he 
dl, = 3 dmr = glemrdy)r = emridy = 5e7 by/1 — - dy 


1 2y 
= -prb*| 1 d 
Lont'( lay 


Mass: The mass of the semi-ellipsoid can be determined by integrating dm. Thus, 


a 2 3 
y y Hh 22; 
= [dm= ab*| 1 — — |dy = prb*| y - — = = prab* 
m Jam [oe ( Jay p (> alk 3P a 


Mass Moment of Inertia: Integrating d/,, we obtain 


a4 y4 2y* 
I,= [dl,= | =pab*| H-— Id 
y fas, [50m ( a a y 
1 


2y7 4 


: 3m : 
From the result of the mass, we obtain pab* = ae Thus, 7, can be written as 


Ans. 


17-11. Determine the moment of inertia of the assembly 
about an axis that is perpendicular to the page and passes 
through the center of mass G. The material has a specific 
weight of y = 90 Ib/ft*. 


Ig = (esr les? : (eo )eora jor 


+ +| (Jeers or - 4 (3% )ae*o25 [ay 


= 118 slug - ft’ 
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*17-12. Determine the moment of inertia of the assembly 
about an axis that is perpendicular to the page and passes 
through point O. The material has a specific weight of 
y = 90 Ib/ft?. 


1s =4\(S were jesy -4](S)eera lor 
1 
5 


3 
(5 )nr%0.25) ar - 5| (95 )rvr02) Ja? 


= 117.72 slug: ft’ 


+ 


= Ig + md? 


= (ss ae? — 1)(0.25) 4 (os )eos 2°)(1) = 26.343 slug 


= 117.72 + 26.343(2.5)° = 282 slug: ft? 


017-13. Ifthe large ring, small ring and each of the spokes 
weigh 100 lb, 15 1b, and 20 lb, respectively, determine the 
mass moment of inertia of the wheel about an axis 
perpendicular to the page and passing through point A. 


Composite Parts: The wheel can be subdivided into the segments shown in Fig. a. 
The spokes which have a length of (4 — 1) = 3 ft and a center of mass located at a 


3 
distance of (1 + 5) ft = 2.5 ft from point O can be grouped as segment (2). 


Mass Moment of Inertia: First, we will compute the mass moment of inertia of the 
wheel about an axis perpendicular to the page and passing through point O. 


lo Gace | §|a(s93) 7 (Sex| 7 Ga 


= 84.94 slug ft? 


The mass moment of inertia of the wheel about an axis perpendicular to the page 
and passing through point A can be found using the parallel-axis theorem 


100 20 15 
= Ig + md? : = 4 ft. 
I, i Ig + md*, where m 302 a( =) 302 8.5404 slug and d = 4 ft 


I, = 84.94 + 8.5404(4’) = 221.58 slug - ft” = 222 slug - ft? Ans. 
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17-14. The pendulum consists of the 3-kg slender rod and 
the 5-kg thin plate. Determine the location y of the center 
of mass G of the pendulum; then calculate the moment of 
inertia of the pendulum about an axis perpendicular to the 
page and passing through G. 


_ 1(3) + 2.25(5) 
345 


= 1.781 m = 1.78m 


1 1 
= p 82) + 3(1.781 — 1)? + pp (05° + 1) + 5(2.25 — 1.781)? 


4.45 kg-m? 


17-15. Each of the three slender rods has a mass m. 
Determine the moment of inertia of the assembly about an 
axis that is perpendicular to the page and passes through 
the center point O. 


asin 60° \* 1 
m 3 ana 


*17-16. The pendulum consists of a plate having a weight 
of 12 Ib and a slender rod having a weight of 4 1b. Determine 
the radius of gyration of the pendulum about an axis 
perpendicular to the page and passing through point O. 


Io = Xg aE md? 


- i (s32)0" | (s5)03? | neaG ie (a3 )03" 


= 4.917 slug - ft” 


4 12 
m ($5) + (3) 0.4969 slug 


Ts 4917 
ko =./2=.,| = 3.15 ft 
a m 0.4969 


e17-17. Determine the moment of inertia of the solid 
steel assembly about the x axis. Steel has a specific weight of 
Yu = 490 lb/ft? 


1 3 3 
I= 5m (0.5)? + — my (0.5)? -— 10 73 (0.25)? 


10 
490 


5 7(0.5)°3)(05) + = (4)nosy (4)(0.5)? s (5) nco2sya025) ($8 


= 5.64 slug - ft’ Ans. 
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17-18. Determine the moment of inertia of the center 
crank about the x axis. The material is steel having a specific 
weight of y,, = 490 lb/ft’. 


490 (# (0.25)7(1) 


= = 0,0017291 sl 
322\ (42)3 ) oe 


_ 490 aoe 


= 002642 si 
32.2 (42° ) a 


= | (0.02642)((1)? + (6)?) + (0.02642)(2)? 


+ 2|510.0017291)(0.25) + 5 (0.0017291)(0.25) + (0.0017291)(4)? 


= 0.402 slug: in? 


17-19. Determine the moment of inertia of the overhung 
crank about the x axis. The material is steel for which the 
density is p = 7.85 Mg/m’. 


7.85(10°)((0.05)zr(0.01)) = 0.1233 kg 


7.85( 10°) ((0.03)(0.180)(0.02)) = 0.8478 kg 


a> (0.1233)(0.01)? + (0.1233)(0.06) | 


+ | F (o8479)((0.03) + (0.180)) 


= 0.00325 kg-m? = 3.25 g- m?* 


*17-20. Determine the moment of inertia of the overhung 
crank about the x’ axis. The material is steel for which the 
density is p = 7.85 Mg/m’. 


= 7.85(10°)((0.05)z(0.01)*) = 0.1233 kg 


= 7.85(10°)((0.03)(0.180)(0.02)) = 0.8478 kg 


[= 5 (0.1233)(001) | + E (0.1233)(0.02)? + (0.1233)(0.120)'| 


- 4 c8479)((0.03) + (0.180)?) + (0.8478)(0.06) | 


= 0.00719 kg: m* = 7.19 g-m? 
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e17-21. Determine the mass moment of inertia of the 
pendulum about an axis perpendicular to the page and 
passing through point O. The slender rod has a mass of 10 kg 
and the sphere has a mass of 15 kg. 


Composite Parts: The pendulum can be subdivided into two segments as shown in 
Fig. a. The perpendicular distances measured from the center of mass of each 
segment to the point O are also indicated. 


Moment of Inertia: The moment of inertia of the slender rod segment (1) and the 
sphere segment (2) about the axis passing through their center of mass can be 


computed from (Jg) = D ml and (Ig); = = mr’. The mass moment of inertia of 


each segment about an axis passing through point O can be determined using the 
parallel-axis theorem. 


Io = XIg + md? 


5 (10)(0.45°) + 10(0.225")| + Boos + 15(0.557) 


= 5.27 kg-m?* 
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17-22. Determine the mass moment of inertia of the thin 
plate about an axis perpendicular to the page and passing 
through point O. The material has a mass per unit area of 
20 kg/m?. 


Composite Parts: The plate can be subdivided into the segments shown in Fig. a. 
Here, the four similar holes of which the perpendicular distances measured from 
their centers of mass to point C are the same and can be grouped as segment (2). 
This segment should be considered as a negative part. 


Mass Moment of Inertia: The mass of segments (1) and (2) are m= 
(0.4)(0.4)(20) = 3.2 kg and m, = 7(0.05*)(20) = 0.05a kg, respectively. The mass 
moment of inertia of the plate about an axis perpendicular to the page and passing 
through point C is 


Ic s (3.2)(0.47 + 0.47) — 4 5 (0.057)(0.05") + 0.057(0.157) 


0.07041 kg - m? 


The mass moment of inertia of the wheel about an axis perpendicular to the 
page and passing through point O can be determined using the parallel-axis 
theorem Ip = Ic + md’, where m = m, — my = 3.2 — 4(0.05a) = 2.5717 kg and 
d = 0.4 sin 45°m. Thus, 


Ig = 0.07041 + 2.5717(0.4 sin 45°)? = 0.276 kg- m? Ans. 


0.451n45m 


0-15m\0-15M 
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17-23. Determine the mass moment of inertia of the thin 
plate about an axis perpendicular to the page and passing 
through point O. The material has a mass per unit area of 
20 kg/m?. 


Composite Parts: The plate can be subdivided into two segments as shown in Fig. a. 
Since segment (2) is a hole, it should be considered as a negative part. The 
perpendicular distances measured from the center of mass of each segment to the 
point O are also indicated. 


Mass Moment of Inertia: The moment of inertia of segments (1) and (2) are computed 
as m, = 7(0.27)(20) = 0.87 kg and m, = (0.2)(0.2)(20) = 0.8kg. The moment of 
inertia of the plate about an axis perpendicular to the page and passing through point 
O for each segment can be determined using the parallel-axis theorem. 


Io = XIg + mad? 


= 5 (0.8)(0.2" + 0.8m(0.2") _ ts (0.8)(0.27 + 0.27) + 08002") 


= 0.113 kg-m? 
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*17-24. The 4-Mg uniform canister contains nuclear waste 
material encased in concrete. If the mass of the spreader 
beam BD is 50 kg, determine the force in each of the links 
AB, CD, EF, and GH when the system is lifted with an 
acceleration of a = 2 m/s’ for a short period of time. 


Canister: 


+T=F, = 2T — 4(10°)(9.81) = 4(10°)(2) 


Tap = Top =T= 23.6 kN 


2T’ cos 30° — 4050(9.81) = 4050(2) 


Ter = Ton i T' = 27.6 kN 


400° )(F B81) N 
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017-25. The 4-Mg uniform canister contains nuclear waste 
material encased in concrete. If the mass of the spreader 
beam BD is 50 kg, determine the largest vertical acceleration 
a of the system so that each of the links AB and CD are not 
subjected to a force greater than 30 KN and links EF and GH 
are not subjected to a force greater than 34 KN. 


4 


E G 


Canister: 


+TXF, = m(ag)y; — 2(30)(10*) — 4(10°)(9.81) = 4(10°)a 
a = 5.19 m/s” 


System: 


+T=F, = m(ag)y;  2[34(10°) cos 30°] — 4050(9.81) = 40502 


a = 4.73 m/s* 


Amax = 4-73 m/s? 


240109) N 


30° 
3000)N  300/07)N 


50(9-B1)N 


4(10°) (9.81) N 4(10°)(9.B1) N 
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17-26. The dragster has a mass of 1200 kg and a center of 
mass at G. If a braking parachute is attached at C and 
provides a horizontal braking force of F = (1.6v’) N, 
where v is in meters per second, determine the critical speed 
the dragster can have upon releasing the parachute, such 
that the wheels at B are on the verge of leaving the ground; 
ie., the normal reaction at B is zero. If such a condition 
occurs, determine the dragster’s initial deceleration. Neglect 
the mass of the wheels and assume the engine is disengaged 
so that the wheels are free to roll. 


0.75 m 0.35 m 


If the front wheels are on the verge of lifting off the ground, then Nz = 0. 
G+IM, = =(M,)a; 1.6 v’ (1.1) — 1200(9.81)(1.25) = 1200a,(0.35) () 
45 YF, = m(ag)s 1.6v* = 1200ag (2) 


Solving Eqs. (1) and (2) yields 
ag = 16.35 m/s* v = 111 m/s 


17-27. When the lifting mechanism is operating, the 400-lb 
load is given an upward acceleration of 5 ft/s’. Determine 
the compressive force the load creates in each of the 
columns, AB and CD. What is the compressive force in each 
of these columns if the load is moving upward at a constant 
velocity of 3 ft/s? Assume the columns only support an 
axial load. 


Equations of Motion: Applying Eq. 17-12 to FBD(a), we have 


400 
+1=F,=m(ag)y; F - 400= (See, 


Equation of Equilibrium: Due to symmetry Fop = F 4g. From FBD(b). 


+TXF, = 0; 2F4n — F =0 


If (ag)y = 5 ft/s’, from Eq. (1), F = 462.11 Ib. Substitute into Eq. (2) yields 


Faz = Fop = 231 1b Ans. 


If the load travels with a constant speed, (ag), = 0. From Eq. (1), F = 400 Ib. 
Substitute into Eq. (2) yields 


Faz = Fop = 2001b Ans. 
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*17-28. The jet aircraft has a mass of 22 Mg and a center 
of mass at G. If a towing cable is attached to the upper 
portion of the nose wheel and exerts a force of T = 400 N 
as shown, determine the acceleration of the plane and the 
normal reactions on the nose wheel and each of the two 
wing wheels located at B. Neglect the lifting force of the 
wings and the mass of the wheels. 


socaacas 
G 


<— 2Fy = m(g)x3 400 cos 30° = 22(10°) 4G 


ag = 0.01575 m/s” = 0.0157 m/s” 


G+EM,4 = 2(My)as 400 cos 30° (0.8) + 2Ng (9) — 22(10°) (9.81)(6) 


= 22(10°)(0.01575)(1.2) 


Nz = 71 947.70 N = 71.9kN Ans. 


+1 ZF, = m(ag)y; Na + 2(71 947.70) — 22(10*)(9.81) — 400 sin 30° = 0 


Nag = 72 124.60 N = 72.1 kN Ans, 


Z2U00(G-B1) N 
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e17-29. The lift truck has a mass of 70 kg and mass 
center at G. Ifit lifts the 120-kg spool with an acceleration 
of 3 m/s’, determine the reactions on each of the four 


wheels. The loading is symmetric. Neglect the mass of the 
movable arm CD. 


G+EMz = >(M,)pg: — 70(9.81)(0.5) + 120(9.81)(0.7) — 2N 4(1.25) 
= —120(3)(0.7) 


N,4 = 567.76N = 568N 


+1 ZF, = m(ag)y; _-2(567.76) + 2Ng — 120(9.81) — 70(9.81) = 120(3) 


Ng = 544N 


70(F8)N 
he 


: 


a 


a 
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17-30. The lift truck has a mass of 70 kg and mass center at 
G. Determine the largest upward acceleration of the 120-kg 
spool so that no reaction on the wheels exceeds 600 N. 


Assume N, = 600N. 


G+5Mz = 3(M,)g; —_70(9.81)(0.5) + 120(9.81)(0.7) — 2(600)(1.25) = —120a(0.7) 


a = 3.960 m/s” 


+1 ZF, = m(ac)y; — 2(600) + 2Ng — 120(9.81) — 70(9.81) = 120(3.960) 


Nz = 570N < 600N 


Thus a = 3.96 m/s” 
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17-31. The dragster has a mass of 1500 kg and a center of 
mass at G. If the coefficient of kinetic friction between the 
rear wheels and the pavement is np, = 0.6, determine if it is 
possible for the driver to lift the front wheels, A, off the 
ground while the rear drive wheels are slipping. Neglect the 
mass of the wheels and assume that the front wheels are 
free to roll. 


If the front wheels A lift off the ground, then N, = 0. 1500098) N 


G+ =Mz = =(M,)z; —1500(9.81)(1) = —1500a,(0.25) 


ag = 39.24 m/s” 
3 YF, = m(ag)x; F; = 1500(39.24) = 58860 N 


+T3F, = m(acg)y; Ng — 150009.81)=0 Ng = 14715N 


Since the required friction Fy > (Fy)max = Mk Ng = 0.6(14715) = 8829N, 
it is not possible to lift the front wheels off the ground. 


*17-32. The dragster has a mass of 1500 kg and a center of 
mass at G. If no slipping occurs, determine the frictional 
force Fz which must be developed at each of the rear drive 
wheels B in order to create an acceleration of a = 6 m/s’. 
What are the normal reactions of each wheel on the 
ground? Neglect the mass of the wheels and assume that 
the front wheels are free to roll. 


C+=Mg = 2(Mg: — 2N4 (3.5) — 1500(9.81)(1) = —1500(6)(0.25) (500 (9.8)) N 


Na = 1780.71 N = 1.78 kN 


+1 SF, = m(ag)y;  2Ng + 2(1780.71) — 1500(9.81) = 0 


Np = 5576.79 N = 5.58 kN 


4 YF, = m(ag)x; 2 Fp = 1500(6) 


Fz = 4500N = 4.50 kN 
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e17-33. At the start of a race, the rear drive wheels B of 
the 1550-Ib car slip on the track. Determine the car’s 
acceleration and the normal reaction the track exerts on the 
front pair of wheels A and rear pair of wheels B. The 
coefficient of kinetic friction is uw, = 0.7, and the mass 
center of the car is at G. The front wheels are free to roll. 
Neglect the mass of all the wheels. 


Equations of Motion: Since the rear wheels B are required to slip, the frictional 
force developed is Fg = ,sNg = 0.7Np. 


#3F,= mag); 0.7Np = aa a) X 1550 |b 


+TXF, = m(ag)y; Na + Ng — 1550 = 0 (2) 
G+3Mg = 0; Np(4.75) — 0.7Np(0.75) — N4(6) = 0 (3) 
Solving Eqs. (1), (2), and (3) yields 


N, = 640.46 Ib = 640 Ib Ng = 909.541b = 9101b a = 13.2 ft/s? Ans. 


17-34. Determine the maximum acceleration that can be 
achieved by the car without having the front wheels A leave 
the track or the rear drive wheels B slip on the track. The 
coefficient of static friction is 4, = 0.9. The car’s mass center 
is at G, and the front wheels are free to roll. Neglect the 
mass of all the wheels. 


Equations of Motion: 


_ 1550 


= YF, = m(ag)x3 Fp = 32.2" 


(1) 


+1 =F, = m(ag)y; Na + Ng — 1550 = 0 (2) 


G+EMg = 0; N;,(4.75) — F,(0.75) — N4(6) = 0 (3) 


If we assume that the front wheels are about to leave the track, N4 = 0. Substituting 
this value into Eqs. (2) and (3) and solving Eqs. (1), (2), (3), 


Np = 1550 Ib Fz = 9816.67 lb a = 203.93 ft/s” 


Since Fz > (Fs)max = bsNg = 0.9(1550) lb = 1395 lb, the rear wheels will slip. 
Thus, the solution must be reworked so that the rear wheels are about to slip. 


Fz = wsNg = 0.9Np (4) 
Solving Eqs. (1), (2), (3), and (4) yields 
Na = 626.92 Ib Ng = 923.08 Ib 


a = 17.26 ft/s* = 17.3 ft/s” 
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17-35. The sports car has a mass of 1.5 Mg and a center of 
mass at G. Determine the shortest time it takes for it to 
reach a speed of 80 km/h, starting from rest, if the engine 
only drives the rear wheels, whereas the front wheels are 
free rolling. The coefficient of static friction between the 
wheels and the road is uw, = 0.2. Neglect the mass of the 
wheels for the calculation. If driving power could be 
supplied to all four wheels, what would be the shortest time 
for the car to reach a speed of 80 km/h? 


+ SF, = m(acg)x;  0.2N4 + 0.2Ng = 1500ag 
+TSF, = m(ag)y; Na + Ng — 1500(9.81) = 0 


G+3Mg=0;  —Ny (1.25) + Ng (0.75) — (0.2N,4 + 0.2Np)(0.35) = 0 


For Rear-Wheel Drive: 

Set the friction force 0.2N, = 0 in Eqs. (1) and (3). 

Solving yields: 

Na = 5.18kN > 0 (OK) Np = 9.53 kN ag = 1.271m/s* 


Since v = 80 km/h = 22.22 m/s, then 


(+) vV=vo + act 


22.22 = 0+ 1.271t 
t=175s 
For 4-Wheel Drive: 
Na, = 5.00kN > 0 (OK) Nz = 9.71 KN ag = 1.962m/s” 
Since v. = 80 km/h = 22.22 m/s, then 
v2 = v1 + Act 
22.22 = 0 + 1.962r 


t= 113s 


1500(9-61)N 
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*17-36. The forklift travels forward with a constant speed 
of 9ft/s. Determine the shortest stopping distance without 
causing any of the wheels to leave the ground. The forklift 
has a weight of 2000 1b with center of gravity at G,, and the 
load weighs 900 Ib with center of gravity at G,. Neglect the 
weight of the wheels. 


Equations of Motion: Since it is required that the rear wheels are about to leave the 
ground, N, = 0. Applying the moment equation of motion of about point B, 


2000 900 
+ = : a) oe 25) = ; 
G+2Mz = (My); —-2000(3.5) — 900(4.25) ( wea) ) (= a3 25) 
a = 14.76 ft/s? <— 


Kinematics: Since the acceleration of the forklift is constant, 


(+) v? = vo + 2a.(s — 50) 


0 = & + 2(-14.76)(s — 0) 


s = 2.743 ft = 2.74 ft 
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e17-37. If the forklift’s rear wheels supply a combined 
traction force of F, = 3001b, determine its acceleration 
and the normal reactions on the pairs of rear wheels and front 
wheels. The forklift has a weight of 2000 Ib, with center of 
gravity at G,, and the load weighs 900 Ib, with center of gravity 
at G,. The front wheels are free to roll. Neglect the weight of 
the wheels. 


Equations of Motion: The acceleration of the forklift can be obtained directly by 
writing the force equation of motion along the x axis. 


2000 900 
4 — > ere. = — q+ — 
XF, = m(ag)x3 300 3994+ 4994 


a = 3.331 ft/s? 
Using this result and writing the moment equation of motion about point A, 


2000 900 


G+>M,= (M4: Nz (5) — 2000(1.5) — 900(9.25) = (2 Jesse = ( a 2 )333132s) 


Neg = 2121.72 Ib = 2122 Ib Ans, 


Finally, writing the force equation of motion along the y axis and using this result, 


+1 ZF, = m(ag)y; Na + 2121.72 — 2000 — 900 = 0 


Na = 778.28 lb = 778 Ib 
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17-38. Each uniform box on the stack of four boxes has a 

weight of 8 lb. The stack is being transported on the dolly, 

which has a weight of 30 lb. Determine the maximum force F E € 
which the woman can exert on the handle in the direction oP 
shown so that no box on the stack will tip or slip. The 

coefficient of the static friction at all points of contact is 

bts = 0.5.The dolly wheels are free to roll. Neglect their mass. 


= 
Wi =| 
ad 
ae 


_ Rp 
ja— V1 ae — i — | 
> ind 
> > 


jx in >| 
~ 
> 


Ra 


Assume that the boxes up, then x = 1 ft. Applying Eq. 17-12 to FBD(a). we have 


G+2My = 3(Mya; 32(1) = [eae ag = 10.73 ft/s? 4(8)232 Ib 


+1 =F, = m(ag)y; N,z-32=0 Ny = 32.01b 


SSF, = mag); Fy = (35)co73) = 10.67 lb 


Since Fy < (Fp)max = bs Na = 0.5(32.0) = 16.0 Ib. slipping will not occur. Hence, 
the boxes and the dolly moves as a unit. From FBD(b), 


32 + 30 
32:2 


F = 23.9 lb 


4 DF, = m(ag);; F cos 30° = ( 40.73 


17-39. The forklift and operator have a combined weight of 
10 000 Ib and center of mass at G. If the forklift is used to lift 
the 2000-Ib concrete pipe, determine the maximum vertical 
acceleration it can give to the pipe so that it does not tip 
forward on its front wheels. 


It is required that Ng = 0. 


G+EM,= (Ma; 2000(5) — 10000(4) = -|( 
a = 96.6 ft/s? 
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*17-40. The forklift and operator have a combined weight 
of 10 000 Ib and center of mass at G. If the forklift is used 
to lift the 2000-lb concrete pipe, determine the normal 
reactions on each of its four wheels if the pipe is given an 
upward acceleration of 4 ft/s”. 


G+=M, = =(M,)4;  — 2000(5) + 2Nz (10) — 10000(4) 


7 -| (Bo \o 


Nz = 1437.89 lb = 1.44 kip 


2000 
+T2F,=m(ac)y;  2N4 + 2(1437.89) — 2000 — 10000 = Exo 


Nx = 4686.34 lb = 4.69 kip 


100 
(424) 


017-41. The car, having a mass of 1.40 Mg and mass center 
at G,, pulls a loaded trailer having a mass of 0.8 Mg and 
mass center at G;. Determine the normal reactions on both 
the car’s front and rear wheels and the trailer’s wheels if the 
driver applies the car’s rear brakes C and causes the car to 
skid. Take 1c = 0.4 and assume the hitch at A is a pin or 
ball-and-socket joint. The wheels at B and D are free to roll. 
Neglect their mass and the mass of the driver. 


Cc 
2m Ei sm4 2m—! 125m 


1400(9-B1) N 


Equations of Motion: Since the car skids, then Fy = wc Nc = 0.4Nc. Applying 
Eq. 17-12 to FBD(a), we have 


G+=M, = (M,)a; —: 1400(9.81)(3.5) + 0.4Nc (0.4) — Nz (4.5) 
—Nc (1.5) = —1400a(0.35) 

+TXF, = m(ag)y; Ng + Nc — 1400(9.81) — A, = 0 

3 YF, = m(ag)x; 0.4Nc — Ax = 1400a 

From FBD(b), 

C+=M,4 = >(Ma; Np (2) — 800(9.81)(2) = —800a(0.85) 

+T SF, = m(ag)y; Np + Ay — 800(9.81) = 0 

4 YF, = m(ag)s A, = 800a 

Solving Eqs. (1), (2), (3), (4), (5), and (6) yields 

Nz = 9396.95 N = 9.40 kN Nc = 4622.83 N = 4.62 kN 

Np = 7562.23 N = 7.56 kN 


a = 0.8405 m/s” A, = 672.41N Ay = 285.77 N 


666 


91962_07_s17_p0641-0724 6/8/09 3:41 PM Page 667 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


17-42. The uniform crate has a mass of 50 kg and rests on 
the cart having an inclined surface. Determine the smallest 
acceleration that will cause the crate either to tip or slip 
relative to the cart. What is the magnitude of this 
acceleration? The coefficient of static friction between the 
crate and the cart is w, = 0.5. 


Equations of Motion: Assume that the crate slips, then Fy = uw, N = 0.5N. 


G+EM, = 3(M,),; — 50(9.81) cos 15°(x) — 50(9.81) sin 15°(0.5) 


= 50a cos 15°(0.5) + 50a sin 15°(x) 
+72Fy = m(ag)y'; N — 50(9.81) cos 15° = —50a sin 15° 
N+ SF, = m(ag)y 3 50(9.81) sin 15° — 0.5N = —50a cos 15° 
Solving Eqs. (1), (2), and (3) yields 
N = 447.81 N x = 0.250m 
a = 2.01 m/s” 


Since x < 0.3 m, then crate will not tip. Thus, the crate slips. 


17-43. Arm BDE of the industrial robot is activated by .220 m 
applying the torque of M = 50 N-m to link CD. Determine 
the reactions at pins B and D when the links are in the 
position shown and have an angular velocity of 2 rad/s. Arm 
BDE has a mass of 10 kg with center of mass at G;. The 
container held in its grip at E has a mass of 12 kg with center 
of mass at G,. Neglect the mass of links AB and CD. 


m 


Curvilinear translation: 


(4p)n > (4g)n Zz (2)°(0.6) = 24 m/s* 


Member DC: 
C+=Mc = 0; —D,, (0.6) + 50 = 0 
D, = 83.33 N = 83.3N 
Member BDE: 
C+=Mp = =(My)p; — Fg, (0.220) + 10(9.81)(0.365) + 12(9.81)(1.10) 
= 10(2.4)(0.365) + 12(2.4)(1.10) 


Fra = 567.54N = 568N Ans. 


= m(ag)y3 —567.54 + D, — 10(9.81) — 12(9.81) = —10(2.4) — 12(2.4) Ox 
Dy, = 731N Ans. 
0,22 


770 (9.30N plone 
Wy D 10@ a 
2/4, . 


D 
LlOm 
Faye Vy (2G9.FN 0.35, (24) 


2 (2.#) 
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*17-44. The handcart has a mass of 200 kg and center of 
mass at G. Determine the normal reactions at each of the two 
wheels at A and at B if a force of P = 50 N is applied to the 
handle. Neglect the mass of the wheels. 


ASF, = m(ag)x; 50 cos 60° = 200ag 


+TSF, = m(ag)y; Na + Ng — 200(9.81) — 50 sin 60° = 


G+5M,g=0;  —N,(0.3) + Ng (0.2) + 50 cos 60°(0.3) — 50 sin 60°(0.6) = 0 


ag = 0.125m/s* N,=765.2N Ng = 1240N 


At each wheel, 


017-45. The handcart has a mass of 200 kg and center of 
mass at G. Determine the largest magnitude of force P that 
can be applied to the handle so that the wheels at A or B 
continue to maintain contact with the ground. Neglect the 
mass of the wheels. 


YF, =m(ag)x;  P.cos 60° = 200ag 


+T=F, = m(ag)y; Na + Ng — 200(9.81) — P sin 60° = 
G+=EMG=0;  —N, (0.3) + Ng (0.2) + P cos 60°(0.3) — P sin 60°(0.6) = 0 
For Pax, require 
N, = 0 
= 1998 N = 2.00kN 
Np = 3692N 


ag = 4.99 m/s” 
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17-46. The jet aircraft is propelled by four engines to 
increase its speed uniformly from rest to 100 m/s in a distance 
of 500 m. Determine the thrust T developed by each engine 
and the normal reaction on the nose wheel A. The aircraft’s 
total mass is 150 Mg and the mass center is at point G. 
Neglect air and rolling resistance and the effect of lift. 


Kinematics: The acceleration of the aircraft can be determined from 

v? = vy” + 2a(s — 50) 

100? = 0? + 2a(500 — 0) 

a = 10m/s” 
Equations of Motion: The thrust T can be determined directly by writing the force 
equation of motion along the x axis. 
+P, = m(ag)x; 41 = 150(10*)(10) 

T = 375(10°)N = 375 kN Ans. 


Writing the moment equation of equilibrium about point B and using the result of T, 


G+EMz = (My)z; —_:150(10°)(9.81)(7.5) + 2|375(10") | + 2|375(10") | 


— N4(37.5) = 150(10)(10)(9) 


Ng = 114.3(10°)N = 114kN 
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17-47. The 1-Mg forklift is used to raise the 750-kg crate 
with a constant acceleration of 2m/s’. Determine the 
reaction exerted by the ground on the pairs of wheels at A 
and at B. The centers of mass for the forklift and the crate 
are located at G,; and Gy, respectively. 


Equations of Motion: Nz can be obtained directly by writing the moment equation 
of motion about point A. 


G+5M,=(M,)4; Ng (1.4) + 750(9.81)(0.9) — 1000(9.81)(1) = —750(2)(0.9) 
Nz = 1313.03 N = 1.31 kN Ans. 


Using this result to write the force equation of motion along the y axis, 


+1 ZF, = m(ag)y; Na + 1313.03 — 750(9.81) — 1000(9.81) = 750(2) 
Na = 17354.46N = 17.4kN 


4 


*17-48. Determine the greatest acceleration with which the 
1-Mg forklift can raise the 750-kg crate, without causing 
the wheels at B to leave the ground. The centers of mass for 
the forklift and the crate are located at G, and G3, respectively. 


Equations of Motion: Since the wheels at B are required to just lose contact with the 
ground, Nz = 0. The direct solution for a can be obtained by writing the moment 
equation of motion about point A. 


G+=EM, = (M,)4; —-750(9.81)(0.9) — 1000(9.81)(1) = —750a(0.9) 
a = 4.72 m/s’ 


/000(9.81)N 
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e17-49. The snowmobile has a weight of 250 Ib, centered at 
G,, while the rider has a weight of 150 Ib, centered at G). If the 
acceleration is a = 20 ft/s”, determine the maximum height h 
of G, of the rider so that the snowmobile’s front skid does not 
lift off the ground. Also, what are the traction (horizontal) 
force and normal reaction under the rear tracks at A? 


Equations of Motion: Since the front skid is required to be on the verge of lift off, 
Nz = 0. Writing the moment equation about point A and referring to Fig. a, 


C+3M,=(M,)a; — 250(1.5) + 150(0.5) = Fo (20) lar) + = (20)(1) 


Imax = 3-163 ft = 3.16 ft Ans. 


Writing the force equations of motion along the x and y axes, 
150 (20) + 250 

~ 32.2 BED 
Fy = 248.45 lb = 248 Ib 


&YF.= m(ag)x; Fa (20) 


+TIF, = m(ag)y; Na — 250 — 150 = 0 


N, = 400 Ib 


22 (20) slug ft? 


Na Se (20) a f° 


(a) 
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17-50. The snowmobile has a weight of 250 Ib, centered at 
G,, while the rider has a weight of 150 Ib, centered at Gy. If 
h = 3 ft, determine the snowmobile’s maximum permissible 
acceleration a so that its front skid does not lift off the 
ground. Also, find the traction (horizontal) force and the 
normal reaction under the rear tracks at A. 


Equations of Motion: Since the front skid is required to be on the verge of lift off, 
Nz = 0. Writing the moment equation about point A and referring to Fig. a, 


150 250 
G+>=M, = (M,) a4; 250(1.5) a 150(0.5) = (3 aux )) a & aux) 
Qmax = 20.7 ft/s? Ans. 


Writing the force equations of motion along the x and y axes and using this result, 
we have 


150 250 
#SF,= mag): Fa= 3 (20-7) + 555 (20-7) 


F4 = 257.14 Ib = 257 lb 


+TXF, = m(ag)y; Na — 150 — 250 = 0 


N, = 400 1b 
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17-51. The trailer with its load has a mass of 150 kg anda 
center of mass at G. If it is subjected to a horizontal force of 
P = 600N, determine the trailer’s acceleration and the 
normal force on the pair of wheels at A and at B. The 
wheels are free to roll and have negligible mass. 


Equations of Motion: Writing the force equation of motion along the x axis, 
3 YF.= m(ag)x; 600 = 150a a=4m/s?> 
Using this result to write the moment equation about point A, 
G +My = (Mya; 150(9.81)(1.25) — 600(0.5) — Ng(2) = —150(4)(1.25) 
Ng = 1144.69 N = 1.14kN Ans, 
Using this result to write the force equation of motion along the y axis, 
+1 =F, = m(ag)y; Na + 1144.69 — 150(9.81) = 150(0) 


Na = 326.81 N = 327N 


150(9-B1) N 
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*17-52. The 50-kg uniform crate rests on the platform for 
which the coefficient of static friction is uw, = 0.5. If the 
supporting links have an angular velocity w = 1 rad/s, 
determine the greatest angular acceleration a they can have 
so that the crate does not slip or tip at the instant 6 = 30°. 


Curvilinear Translation: 


(ag)n = (1)"(4) = 4 m/s? 
(ag): = a4) m/s* 


3 YF, = mag); Fe = 50(4) sin 30° + 50(a)(4) cos30° 


+1 3F, = m(ag)y; Nc — 50(9.81) = 50(4) cos 30° — 50(a)(4) sin30° 


C+=Mg = =(Mc; Nc(x) — Fe(0.75) = 0 


Assume crate is about to slip. Fo = 0.5Nc 
Thus, 


x = 0.375 m > 0.25 m 


Crate must tip. Set x = 0.25 m. 
Nc = 605N Fc = 202N 


a = 0.587 rad/s” 


(Fc)max = 0.5(605) = 303 N > 202 N 


30° 
501A (4)] 
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017-53. The 50-kg uniform crate rests on the platform for 
which the coefficient of static friction is w, = 0.5. If at the 
instant 9 = 30° the supporting links have an angular velocity 
w=1 rad/s and angular acceleration a = 0.5 rad/s’, 
determine the frictional force on the crate. 


Curvilinear Translation: 


(ag)n = (1)(4) = 4 m/s” 
(ag), = 0.5(4) m/s” = 2 m/s? 


SYF.=m(ag),; Fe = 50(4) sin 30° + 50(2) cos 30° 


+1 SF, = m(ag)y; Ne — 50(9.81) = 50(4) cos 30° — 50(2) sin 30° 


Solving, 


Fo = 186.6N 
Nc = 613.7N 
(Fo)max = 0.5(613.7) = 306.9N > 186.6N 


C+=MG = =(Mide;  Nc(x) — Fe(0.75) = 0 
613.7(x) — 186.6(0.75) = 0 


x = 0.228m < 0.25m 
Thus, Fo = 187N 


50(9.81)N 
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17-54. If the hydraulic cylinder BE exerts a vertical force 
of F =1.5kN on the platform, determine the force 
developed in links AB and CD at the instant @ = 90°. The 
platform is at rest when 0 = 45°. Neglect the mass of the 
links and the platform. The 200-kg crate does not slip on 
the platform. 


Equations of Motion: The free-body diagram of the crate and platform at the general 
position is shown in Fig. a. Here, (ag), = ar = a(3) and (ag), = w’r = w*(3), where 
w and a are the angular velocity and acceleration of the links. Writing the force 
equation of motion along the ¢ axis by referring to Fig. a, we have 


+7DF, = mag); 200(9.81) sin 6 — 1500 sin @ = 200| a(3)| 


a = 0.77 sin@ 


Kinematics: Using this result, the angular velocity of the links can be obtained by 


integrating 
/ wdw = i adé 
o 0 
| wodw = | 0.77 sin 6 dé 
0 45° 


w = V1.54(0.7071 — cos @) 


When 6 = 90°, w = 1.044 rad/s. Referring to the free-body diagram of the crate and 
platform when 6 = 90°, Fig. b, 


4 SF, = m(ag)n: Fag — Fep = 200(1.0447(3)| (1) 


G+2Mg = 0; 1500(2) — F4g(2) — Fep(1) = 0 (2) 
Solving Eqs. (1) and (2) yields 


Fag = 1217.79 N = 1.22 kN Fep = 564.42 N = 564N 


t 
(Ae) 
F=/500 N 
Cal Je. 


GS c 
‘ " 200(9-80N | 2004-BI)N 
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17-55. A uniform plate has a weight of 50 lb. Link AB is 
subjected to a couple moment of M = 101b-ft and has a 
clockwise angular velocity of 2rad/s at the instant 6 = 30°. 
Determine the force developed in link CD and the tangential 
component of the acceleration of the plate’s mass center at 
this instant. Neglect the mass of links AB and CD. 


Equations of Motion: Since the plate undergoes the cantilever translation, 
(4G)n = (27) (1.5) = 6 ft/s’. Referring to the free-body diagram of the plate shown 
in Fig. a, 


50 A M=10lb- 
DF, = magn; —Fep — By, cos 30° — By sin 30° + 50 sin 30° = (Jo (1) ee 


50 
LF, = m(ag);3 B, sin 30° — B, cos 30° + 50 cos 30° = 309 (ac) (2) 


C+2Mg=0; — B,(1) — B(0.5) — Fep cos 30°(1) — Fep sin 30°(0.5)=0 (3) 


Since the mass of link AB can be neglected, we can apply the moment equation of 
equilibrium to link AB. Referring to its free-body diagram, Fig. b, 


C+3M, = 0; B,(1.5 sin 30°) — B,(1.5 cos 30°) — 10 = 0 (4) 
Solving Eqs. (1) through (4) yields 

B,, = 8.975 lb B, = —2.516 lb 

Fep = 9.169 Ib = 9.17 Ib 


(ag); = 32.18 ft/s? = 32.2 ft/s? 


O-5ft 
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*17-56. The four fan blades have a total mass of 2 kg and 
moment of inertia Ig = 0.18 kg+m? about an axis passing 
through the fan’s center O. If the fan is subjected to a moment 
of M = 3(1 — e~°”) N- m, where fis in seconds, determine 
its angular velocity when ¢ = 4s starting from rest. 


C+EMo = Iga, 3(1 — e° °) = 0.18a 


a = 16.67(1 — e°*) 
= adit M=3(1-e°*) N-m 
4 
i 16.67(1 — e°) dt Ox 


4 


1 
: 4 —0.2t 
16.67 [ 02° 


0 
20.8 rad/s 


017-57. Cable is unwound from a spool supported on 
small rollers at A and B by exerting a force of T = 300 N 
on the cable in the direction shown. Compute the time 
needed to unravel 5 m of cable from the spool if the spool 
and cable have a total mass of 600 kg and a centroidal 
radius of gyration of kg = 1.2 m. For the calculation, 
neglect the mass of the cable being unwound and the mass 
of the rollers at A and B. The rollers turn with no friction. 


Equations of Motion: The mass moment of inertia of the spool about point O is 
given by Ig = mk, = 600(1.27) = 864 kg-m’. Applying Eq. 17-16, we have 


G+3Mo =Ioa;  —300(0.8) = -864a ~~ a = 0.2778 rad/s? 


5 
Kinematics: Here, the angular displacement 0 = 5 08 6.25 rad. Applying 


. 1; 
equation 0 = 0) + wot + 3 ats we have 


i 
(C+) 625=0+0+5 (0.2778)t? 


t=6.71s 
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17-58. The single blade PB of the fan has a mass of 2 kg 
and a moment of inertia Ig = 0.18 kg-m* about an axis 
passing through its center of mass G. If the blade is 
subjected to an angular acceleration a = 5 rad/s’, and has 
an angular velocity w = 6 rad/s when it is in the vertical 
position shown, determine the internal normal force N, 
shear force V, and bending moment M, which the hub w = 6rad/s 
exerts on the blade at point P. a = S rad/s” 


Equations of Motion: Here, (ag), = arg = 5(0.375) = 1.875 m/s” and (ag), = 
w rg = 6°(0.375) = 13.5 m/s’. 


G+ =Mp = =(M,)p; Mp = —0.18(5) — 2(1.875)(0.3) 
Mp = 2.025 N-m 
DF, = m(ag)n; Np + 2(9.81) = 2(13.5) 
Np = 7.38 N 


DF, = mag); Vp = 2(1.875) = 3.75N 


17-59. The uniform spool is supported on small rollers at 
A and B. Determine the constant force P that must be 
applied to the cable in order to unwind 8 m of cable in 4 s 
starting from rest. Also calculate the normal forces on the 
spool at A and B during this time. The spool has a mass of 
60 kg and a radius of gyration about O of kg = 0.65 m. For 
the calculation neglect the mass of the cable and the mass of 
the rollers at A and B. 


(1+) 5 = 5 


1 
8=0+0+ 5a, (4) 


a. = 1 m/s? G0(GBYN 
al=).2510d/s | 0.8m 


1 2 
Og 1.25 rad/s 


C+=Mo =Ioa; — P(0.8) = 60(0.65)7(1.25) 
P = 39.6N 
45F.=ma,;  N,sin 15° — Ngsin 15° = 


+TXF, = ma N, cos 15° + Ng cos 15° — 39.6 — 588.6 = 0 


ys 


Nya = Nz = 325N 
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*17-60. A motor supplies a constant torque M = 2 N-mto 
a 50-mm-diameter shaft O connected to the center of the 
30-kg flywheel. The resultant bearing friction F, which the 
bearing exerts on the shaft, acts tangent to the shaft and has a 
magnitude of 50 N. Determine how long the torque must be 
applied to the shaft to increase the flywheel’s angular velocity 
from 4 rad/s to 15 rad/s. The flywheel has a radius of gyration 
ko = 0.15 m about its center O. 


30(9-81) N 


C+=Mo =Ioa; 2 — 50(0.025) = 30(0.15)*a 
a = 1.11 rad/s? 


C+ O = + act 
15 =4+ (1.11) 
t = 9.90s 


°17-61. Ifthe motor in Prob. 17-60 is disengaged from the 
shaft once the flywheel is rotating at 15 rad/s, so that M = 0, 
determine how long it will take before the resultant bearing 
frictional force F = 50 N stops the flywheel from rotating. 


C+=Mo =Ioa; —50(0.025) = 30(0.15)"a 
a = 1.852 rad/s” 


C+ =o t+ at 
—15 + (1.852)t 
8.10 s 
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17-62. The pendulum consists of a 30-lb sphere and a 
10-Ib slender rod. Compute the reaction at the pin O just 
after the cord AB is cut. 


Mass Moment Inertia: From the inside back cover of the text. 


DES rsh 5! ; 
: Gale ) = 0.3727 slug: ft 


10 
32.2 


)e@) = 0.1035 slug: ft? 


Equations of Motion: At the instant shown, the normal component of acceleration 
of the mass center for the sphere and the rod are [(aa)n|s = (ene = O since the 
angular velocity of the pendulum w = 0 at that instant. The tangential component of 
acceleration of the mass center for the sphere and the rod are [(ac)r] 5 = ars = 3a 
and [(ac):]a = arp = a. 


G+EMo = 3(My)o; 303) + 10(1) = 0.3727a + 0.1035a 
+ (S)eo) r (S)ow 
a = 10.90 rad/s” 


LF, = M(ag)n; O, = 0 


ZF, = m(ag);; = (3 °- (10.90) + (25 e090) 


O, = 6.140 Ib 


Fo = VO + 02 = VO? + 6.140? = 6.14 Ib 


17-63. The 4-kg slender rod is supported horizontally by a 
spring at A and a cord at B. Determine the angular 
acceleration of the rod and the acceleration of the rod’s 
mass center at the instant the cord at B is cut. Hint: The 
stiffness of the spring is not needed for the calculation. 


Since the deflection of the spring is unchanged at the instant the cord is cut, the 
reaction at A is 


4 
F, = — (9.81) = 19.62N 


= 3 
A(G.BI)N Tek 75 (4 ze 

a DF, = m(ag)x 3 0= A(ag)x ) M(Ag) x 

=4(A, 


+/=F, = m(ag)y; — 4(9.81) — 19.62 = 4(ag), 


C+=Mg = Iga; (19.62) (1) = Paooac 


Solving: INC dy= 4a)y 
(a4g)x = 0 
(ag) = 4.905 m/s? 
a = 14.7 rad/s” 


(ag) = 4.90 m/s” 
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*17-64. The passengers, the gondola, and its swing frame 
have a total mass of 50 Mg, a mass center at G, and a radius 
of gyration kg = 3.5 m. Additionally, the 3-Mg steel block 
at A can be considered as a point of concentrated mass. 
Determine the horizontal and vertical components of 
reaction at pin B if the gondola swings freely at # = 1 rad/s 
when it reaches its lowest point as shown. Also, what is the 
gondola’s angular acceleration at this instant? 


Equations of Motion: The mass moment of inertia of the gondola and the counter 

weight about point B is given by [zp = m, kB + myriy = 50(10°) (3.57) + 3(10*)(3?) 

= 639.5 (10° ) kg- m2. At the instant shown, the normal component of acceleration of 

the mass center for the gondola and the counter weight are 

[(aa)nlg = @7 r, = F (5) = 5.00 m/s? and [(ag)n|w = @ rw = 1? (3) = 3.00 m/s’. 

The tangential component of acceleration of the mass center for the gondola and 

the counter weight are [(aa)i]e = ar, = 5a and [ (ac) |w = arw = 3a. Applying 30(9-B1) N 
Eq. 17-16, we have 


(Gael, = 30l 
G+IMz = Ipaz 0 = 639.5(10°)a a =0 Ans. 
3m, 
By (Aah),,° 3:00m/s* 


DF, = magni 3(10°)(9.81) + 50(10*)(9.81) — B, iy (Aebi], = 5 00%/s~ 


LF, = m(ag)s B.=0 Ans. 


= 3(10°)(3.00) — 50(10°)(5.00) 


By = 760.93(10°) N = 761 kN ; (Adj.=5x 


°17-65. The passengers, the gondola, and its swing frame 
have a total mass of 50 Mg, a mass center at G, and a radius 
of gyration kz = 3.5 m. Additionally, the 3-Mg steel block 
at A can be considered as a point of concentrated mass. 
Determine the angle @ to which the gondola will swing 
before it stops momentarily, if it has an angular velocity of 
w = 1 rad/s at its lowest point. 


Equations of Motion: The mass moment of inertia of the gondola and the counter Whe o® of IX\| > 
weight about point B is given by Iz = m, kz + myriy = 50( 103) (3.5?) + 3(10*)(3?) re 
= 639.5( 10°) kg: m’. Applying Eq. 17-16, we have 


G+EMz = Iga; — 3(10°)(9.81) sin 0(3) 
—50(10°) (9.81) sin (5) = 639.5(10°) a 30098 N 
a = —3,.6970 sin 0 


Kinematics: Applying equation w dw = a d6, we have 


0 0 
i wdo = | —3.6970 sin 6 d6 
1rad/s 0° 


0 = 30.1° 
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17-66. The kinetic diagram representing the general 
rotational motion of a rigid body about a fixed axis passing 
through O is shown in the figure. Show that Iga may be 
eliminated by moving the vectors m(ag), and m(ag), to 
point P, located a distance rgp = kZ/rog from the center of 
mass G of the body. Here kg represents the radius of 
gyration of the body about an axis passing through G. The 
point P is called the center of percussion of the body. 


Mag); tog + Ig &@ = mag); Tog + (mk2;)a 


However, 
(4c): 


Toc 'Gp anda = 
TOG 


= (4c): 
mag) tog + Ig@ = mag) oc + (Mrog ‘Gp) pane 


= m(ag)(roc “Is rcp) Q.E.D. 


17-67. Determine the position rp of the center of 
percussion P of the 10-lb slender bar. (See Prob. 17-66.) 
What is the horizontal component of force that the pin at A 
exerts on the bar when it is struck at P with a force of 
F = 20 1b? 


Using the result of Prob 17-66, 


De 2 
b= =1==(4) = 267ft 
Bt = a) 


C+>M,=I14,a;  20(2.667) = E ( ze ea? fa 


3 \32.2 
a = 32.2 rad/s” 


(ag); = 2(32.2) = 64.4 ft/s? 


10 
£ SF, = m(ag)x; A, + 20= (3 os 


A, = 0 
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*17-68. The 150-kg wheel has a radius of gyration about 
its center of mass O of kg = 250mm. If it rotates 
counterclockwise with an angular velocity of # = 1200 rev/ 
min at the instant the tensile forces T, = 2000N and 
Tg = 1000N are applied to the brake band at A and B, 
determine the time needed to stop the wheel. 


Equations of Motion: Here, the mass moment of inertia of the flywheel about its 
mass center O is Ig = mkg? = 150(0.25”) = 9,375 kg-m’. Referring to the free- 
body diagram of the flywheel in Fig. b, we have 

tate 0.3m 'S0CF-8B1)N 


G+3Mo = Iga; 1000(0.3) — 2000(0.3) = —9.375a a = 32 rad/s —}——> F, - 2000 N 


min 1 rev 60 s 
angular acceleration is constant, we can apply 


2a rad \f 1 mi 
Kinematics: Here, wy) = (120 =) a )( zie) = 407 rad. Since the 


G+ @ = @ + act 
0 = 407 + (—32)t 


t = 3.935 


017-69. The 150-kg wheel has a radius of gyration about 
its center of mass O of ko = 250mm. If it rotates 
counterclockwise with an angular velocity of a = 1200 rev/ 
min and the tensile force applied to the brake band at A is 
T, = 2000 N, determine the tensile force T, in the band at 
B so that the wheel stops in 50 revolutions after T, and Tg 
are applied. 


2 d\/1mi 
Kinematics: Here, w) = | 1200 — oe sa es 407 rad and 
min lrev 60s 
6 = (50 rev) 


& at) = 100mrad 


[5019.81 N 


1 rev 


Since the angular acceleration is constant, 
G+ w = wo” + 2a(@ — 4%) 
0 = (407)? + 2a(100a — 0) 


a = —25.13 rad/s? = 25.13 rad/s” 


Equations of Motion: Here, the mass moment of inertia of the flywheel about its 
mass center O is Ig = mko* = 150(0.25”) = 9.375 kg-m?. Referring to the free- 
body diagram of the flywheel, 
G+=Mo = Ioa; T (0.3) — 2000(0.3) = —9.375(25.13) 

Tp = 1214.60 N = 1.21 kN 
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17-70. The 100-lb uniform rod is at rest in a vertical 
position when the cord attached to it at B is subjected toa 
force of P = 501b. Determine the rod’s initial angular 
acceleration and the magnitude of the reactive force that 
pin A exerts on the rod. Neglect the size of the smooth 
peg at C. 


Equations of Motion: Since the rod rotates about a fixed axis passing through point A, 3 
(ag); = arg = a(3) and (ag), = w’ rg = 0. The mass moment of inertia of the 


1 / 100 
rod about G is Ig = D (= Y(@) = 9.317 slug: ft”. Writing the moment equation 


of motion about point A, 


100 


G+=M, = (Ma; s0( 2 ).a) = 37. 91%3)]3) + 9317a 


a = 3.220 rad/s? = 3.22 rad/s” 


This result can also be obtained by applying 2M, = I,4a, where 


= \ 100 2\— 2 
I, = 9.317 4 (ye) 37.267 slug: ft 


Thus, 


4 
G+=M, = Iya; s0(2).a) = 37.267a 
a = 3.220 rad/s* = 3.22 rad/s* 


Using this result to write the force equation of motion along the n and f axes, 


3 100 
+7 2F, = nb A 50 100 = 0 A,, = 70 1b 
t n m(ag)n ’ n (2) 32.2 ( ) n 


4 YF = m(ag);; so( = 5 713:2203)] A, = 10.0 Ib 


Thus, 


F,= VA? + A,2 = V10? + 70? = 70.7 Ib 


An 
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17-71. Wheels A and B have weights of 150 lb and 100 Ib, 
respectively. Initially, wheel A rotates clockwise with a 
constant angular velocity of w = 100 rad/s and wheel B is 
at rest. If A is brought into contact with B, determine the 
time required for both wheels to attain the same angular 
velocity. The coefficient of kinetic friction between the two 
wheels is ux, = 0.3 and the radii of gyration of A and B 
about their respective centers of mass are k, = 1 ft and 
kp = 0.75 ft. Neglect the weight of link AC. 


Equations of Motion: Wheel A will slip on wheel B until both wheels attain the 
same angular velocity. The frictional force developed at the contact point is 
F = up, N = 0.3N.The mass moment of inertia of wheel A about its mass center is 


150 


302 (17) slug: ft”. Referring to the free-body diagram of wheel A 


I4= maka? = 


shown in Fig. a. 


3 YF. = mag); 0.3N — Tac cos 30° = 0 
+TXF, = m(ag)y;_ N — Tac sin 30° — 150 = 0 


150073 
G4+2M,=I4a4; 0.3N(1.25) = ES (1 ) len 


Solving, 


N = 181.42 Ib T ac = 62.85 Ib a, = 14.60 rad/s 


The mass moment of inertia of wheel B about its mass center is 


> 100 


Ip= mpkp’ = 355 (0.757) slug - ft? 


Writing the moment equation of motion about point B using the free-body diagram 
of wheel B shown in Fig. b, 


100 
+2Mg=Ipag: — 0.3(181.42)(1) = 55 (0.75?) ag 


ag = 31.16 rad/s” 
Kinematics: Since the angular acceleration of both wheels is constant, 
G+ wa = (wa)o + aat 
w, = 100 + (—14.60)t 
and 
G+ Wg = (Wg)o + agt 
wp = 0 + 31.16t 
Since w, is required to be equal to wz, we obtain 
100 + (—14.60)t = 31.16¢ 


t = 2.185s = 2.19s 
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*17-72. Initially, wheel A rotates clockwise with a 
constant angular velocity of # = 100 rad/s. If A is brought 
into contact with B, which is held fixed, determine the 
number of revolutions before wheel A is brought to a stop. 
The coefficient of kinetic friction between the two wheels is 
by, = 0.3, and the radius of gyration of A about its mass 
center isk, = 1 ft. Neglect the weight of link AC. 


Equations of Motion: Since wheel B is fixed, wheel A will slip on wheel B. The 
frictional force developed at the contact point is F = u, N = 0.3N.The mass moment 


150 
of inertia of wheel A about its mass center is J, = m4k,* = 300 (17) slug - ft”. 


Referring to the free-body diagram of wheel A shown in Fig. a, 


3 YF.= mag); 0.3N — Tac cos 30° = 0 
+T =F, = m(ag)y;_ N — Tac sin 30° — 150 = 0 


150/25 
G4+3M,=I4a4; 0.3N(1.25) = e (1 ) len 


Solving, 
N = 181.42 lb T ac = 62.85 Ib a, = 14.60 rad/s 


Kinematics: Since the angular acceleration is constant, 
G+ wa? = (wa)o + 2a4(0 — 4) 
0? = 1007 + 2(-14.60)(@ — 0) 


1 rad 


0 = 342.36 rad 
a (2 rad 


) = 54.49 rev = 54.5 rev 


¢17-73. The bar has a mass m and length /. If it is released 
from rest from the position 6 = 30°, determine its angular 
acceleration and the horizontal and vertical components of 
reaction at the pin O. 


I 1 
C+=Mo = Iga; ong)(4) cos 30° gi a 


1.299g _ 130g 
-—- 


Qa 
1\ (1.299 
£ YF = = m(3)( j e) sin 30° 
0.325mg 
1\ (1.299 
+TXF, = mg m(3)( F s) cos 30° 
O, = 0.438mg 
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17-74. The uniform slender rod has a mass of 9 kg. If the 
spring is unstretched when 6 = 0°, determine the magnitude 
of the reactive force exerted on the rod by pin A when 
6 = 45°, if at this instant w = 6 rad/s. The spring has a 
stiffness of k =150N/m and always remains in the 
horizontal position. 


Equations of Motion: The stretch of the spring when 6 = 45° is 
s = 0.8 — 0.8 cos 45° = 0.2343 m. Thus, F,, = ks = 150(0.2343) = 35.15 N. Since 
the rod rotates about a fixed axis passing through point A, (ag), = arg = a(0.4) and 
(ag)n = org = 60.4) = 14.4 m/s”. The mass moment of inertia of the rod about 


1 1 
its mass center is Ig = pm = 5 (9)(0.87) = 0.48 kg: m’. Writing the moment 
equation of motion about point A, Fig. a, 


G+EM, = >(My)a; 35.15 cos 45°(0.8) — 9(9.81) cos 45°(0.4) 
= —9[a(0.4)](0.4) — 0.480 
a = 2.651 rad/s” 


The above result can also be obtained by applying ©M, = 1, a, where 


I, = Ig + ma? = s (9)(0.8?) + 9(0.4) = 1.92 kgm? 


Thus, 
G+=M, =I,0; 35.15 cos 45°(0.8) — 9(9.81) cos 45°(0.4) = —1.92a 
a = 2.651 rad/s” 
Using this result and writing the force equation of motion along the n and tf axes, 
+/=F, = mag); 9(9.81) cos 45° — 35.15 cos 45° — A, = 9[2.651(0.4)] 
A, = 28.03 N 
+NIF, = M(4g)n; A, — 9(9.81) sin 45° — 35.15 sin 45° = 9(14.4) 


A, = 216.88 N 


Fy = VA, + A,? = V28.032 + 216.882 


= 218.69 N = 219N 


44-81) N Y/N WG-04 
G44) Ky ms 


046K 


Ny 


© 


p= 351SN G4 [«.(0.4)] 
(2) 
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17-75. Determine the angular acceleration of the 25-kg 
diving board and the horizontal and vertical components of 
reaction at the pin A the instant the man jumps off. Assume 
that the board is uniform and rigid, and that at the instant 
he jumps off the spring is compressed a maximum amount 
of 200 mm, w = 0, and the board is horizontal. Take 
k = 7kN/m. 


C+ My=Iya; — 1.5(1400 — 245.25) = E 05)63) |e 


+T>) F, = m(ag);; 1400 — 245.25 — A, = 25(1.5a) 
£3 F,= magn; Ay = 0 


Solving, 
A, =0 is 0 14a 


a 
Ay = 289N : , ism 


a = 23.1 rad/s” 25(1 Sen) 


689 


91962_07_s17_p0641-0724 6/8/09 3:55 PM Page 690 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*17-76. The slender rod of length L and mass m is 
released from rest when @ = 0°. Determine as a function of 
@ the normal and the frictional forces which are exerted by 
the ledge on the rod at A as it falls downward. At what 
angle @ does the rod begin to slip if the coefficient of static 
friction at A is 1? 


Equations of Motion: The mass moment inertia of the rod about its mass center is 


; 1 . . 
given by Ig = D mL”. At the instant shown, the normal component of acceleration 


: L ; 
of the mass center for the rod is (ag), = wg = w” (4). The tangential component 


: . L 
of acceleration of the mass center for the rod is (ag), = ar, = (=) 


G+=M, = (M,)o; —mg cos 0S) = (hw?) ml a(£) (4) n 


3 
a = 57 cos 6 


ml we 
3g L C (Y2)) Tex = tml *)a 
+/Z2F, = m(ag); 3 mgcosé-— Nyg= nf 5 cos ()| 
2L 2 
mg Yz 
Nag = a one . 
m [x(4] 


L 
\+2F, = m(ag)n3 Fy — mg sin@ = ml or(£) 


Kinematics: Applying equation w dw = a d6, we have 


7 wo dw 
0 


w 


3 
Substitute w* = - sin @ into Eq. (1) gives 


_ Smg 


Fe= 5 sin 0 Ans. 


If the rod is on the verge of slipping at A, Fy = wN,. Substitute the data obtained 
above, we have 


5m m 
- sin 9 = x - cos 0) 


1f[ FB 
= tan! {| — 
6 an (+) 
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¢17-77. The 100-kg pendulum has a center of mass at G 
and a radius of gyration about G of kg = 250mm. 
Determine the horizontal and vertical components of 
reaction on the beam by the pin A and the normal reaction 
of the roller B at the instant 6 = 90° when the pendulum is 
rotating at w = 8 rad/s. Neglect the weight of the beam and 
the support. 


Equations of Motion: Since the pendulum rotates about the fixed axis passing 
through point C, (ag), = arg = a(0.75) and (ag), = w’rg = 8°(0.75) = 48 m/s’. 
Here, the mass moment of inertia of the pendulum about this axis is 
Ic = 100(0.25)* + 100(0.757) = 62.5kg-m?. Writing the moment equation of 
motion about point C and referring to the free-body diagram of the pendulum, 
Fig. a, we have 


G+ Mc = Ica; 0 = 62.5a 

Using this result to write the force equations of motion along the n and f axes, 
&>F=m(ag),;  —C, = 100[0(0.75)] C= 0 

+T=F, = mae) C,, — 100(9.81) = 100(48) C,, = 5781 N 


Equilibrium: Writing the moment equation of equilibrium about point A and using KS o7sm 
the free-body diagram of the beam in Fig. b, we have 4G 


+5M,=0; Np (1.2) — 5781(0.6) =0 Nz = 28905N=2.89kN Ans, /00(9-81) N 


Using this result to write the force equations of equilibrium along the x and y axes, 
we have 


SSF. =0; A, =0 Ans. 


+T2F,=0; A, + 28905 -5781=0 A, =28905N=289kKN Ans. 
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17-78. The 100-kg pendulum has a center of mass at G and 
a radius of gyration about G of kg = 250 mm. Determine the 
horizontal and vertical components of reaction on the beam 
by the pin A and the normal reaction of the roller B at the 
instant 9 = 0° when the pendulum is rotating at w = 4 rad/s. 
Neglect the weight of the beam and the support. 


Equations of Motion: Since the pendulum rotates about the fixed axis passing 
through point C, (ag), = arg = a(0.75) and (ag), = w’rg = 4°(0.75) = 12 m/s”. 
Here, the mass moment of inertia of the pendulum about this axis is 
Ic = 100(0.257) + 100(0.75)* = 62.5kg-m’. Writing the moment equation of 
motion about point C and referring to the free-body diagram shown in Fig. a, 


G4+3Mc = Ica; —100(9.81)(0.75) = —62.5a a = 11.772 rad/s? 


Using this result to write the force equations of motion along the n and f axes, 
we have 


+T3F, = m(ag),; — C, — 1009.81) = —100[11.772(0.75)] C, = 98.1N 


£SF, = magn; Cy = 100(12) C, = 1200N 


Equilibrium: Writing the moment equation of equilibrium about point A and using 
the free-body diagram of the beam in Fig. b, 


+2M,=0;  Np,(1.2) — 98.1(0.6) — 1200(1) = 0 Nz = 1049.05N = 1.05kN Ans. 


Using this result to write the force equations of equilibrium along the x and y axes, 
we have 


43F,=0; 1200-A,=0 A, = 1200N = 1.20kN Ans. 


+T2F,=0; 1049.05 - 981- Ay=0 A, =950.95N=951N Ans. 


C=98-1 N 


100(9.B1) N 
[g=075m 
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17-79. Ifthe support at B is suddenly removed, determine 
the initial horizontal and vertical components of reaction 
that the pin A exerts on the rod ACB. Segments AC and CB 
each have a weight of 10 Ib. 


Equations of Motion: The mass moment inertia of the rod segment AC and BC 


1 1 / 10 
about their respective mass center is Ig = DD me = D (33) (3?) 


= 0.2329 slug: ft?. At the instant shown, the normal component of acceleration of 
the mass center for rod segment AB and BC are [(ag)nlasp = [(a4G)n]ac = 0 since 
the angular velocity of the assembly w = 0 at that instant. The tangential 
component of acceleration of the mass center for rod segment AC and BC are 


[(ag):]agp = 1.5 a and [ (ag); ]ac = V11.25a. 


G+=M, = =(M,)4; — 10(1.5) + 10(3) = 0.2329a + (3 )asavas) 


+ 0.2329 a + (35 )evi125e) (V11.25) 
a = 9.660 rad/s” 


10 
32.2 


A, = 4.50 Ib 


4.0F,=m(ag)x3 Ay = ( dr V/11.25 (9.660) ] sin 26.57° 


+1=F,=m(ag)y; Ay — 20= -(an)I 1.5(9.660)] 


= (Sy V11.25 (9.660) ] cos 26.57° 


32.2 
Ay = 6.50 Ib 


YG) (Tas) 
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*17-80. The hose is wrapped in a spiral on the reel and is 
pulled off the reel by a horizontal force of P = 200N. 
Determine the angular acceleration of the reel after it has 
turned 2 revolutions. Initially, the radius is r = 500 mm. The 
hose is 15 m long and has a mass per unit length of 10 kg/m. 
Treat the wound-up hose as a disk. 


Equations of Motion: The mass of the hose on the reel when it rotates through an 
angle 6 is m = 15(10) — r@(10) = (150 — 10r@) kg. Then, the mass moment of 


1 
inertia of the reel about point O at any instant is Ip > mr? > (150 — 10r@)r?. 


Also, the acceleration of the unwound hose is a = ar. Writing the moment equation 
of motion about point O, 


G+=Mo = (Mo; 200(r) = : (150 1070)? | — 10r6(ar)r 


200 
aS 
75r + 5r°0 


0.005 


However, r = 0.5 g (0.01) = 0.5 
20 


6. Thus, when 6 = 2rev( mat) 


1 rev 
= 47 rad, r = 0.48 m. Then 


200 
as 
75(0.48) + 5(0.487)(42r) 
= 3.96 rad/s” 


(150-10r@)(F81) 


(£050 -rore)r- Ja, 
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e17-81. The disk has a mass of 20 kg and is originally 
spinning at the end of the strut with an angular velocity of 
w = 60 rad/s. If it is then placed against the wall, where the 
coefficient of kinetic friction is uw, = 0.3, determine the 
time required for the motion to stop. What is the force in 
strut BC during this time? 


SSF. = m(ag)x; Fog sin30° — N4 =0 


+1 SF, = m(ag)y; Fog cos 30° — 20(9.81) + 0.3N 4 = 0 


G+>M,z=TIpa;  0.3N,(0.15) = 3 (20)(0.15) Ja 


Ny, = 96.6N 
For = 193N 
a = 19.3 rad/s” 


@O@=0 t+ at 


0 = 60 + (-19.3)t 


t= 3.11s 


17-82. The 50-kg uniform beam (slender rod) is lying on 
the floor when the man exerts a force of F = 300 N on the 
rope, which passes over a small smooth peg at C. Determine 
the initial angular acceleration of the beam. Also find the 
horizontal and vertical reactions on the beam at A 
(considered to be a pin) at this instant. 


Equations of Motion: Since the beam rotates about a fixed axis passing through 
point A, (ag), = arg = a(3) and (ag), = w’rg = w*(3). However, the beam is 
initially at rest,so w = 0. Thus, (4G)n = 0. Here, the mass moment of inertia of the 


1 1 
beam about its mass center is Ig = D me? = D (50)(6?) = 150 kg: m?. Writing the 
moment equation of motion about point A, Fig. a, 
G+=My = (Ma; 300 sin 60°(6) — 50(9.81)(3) = 50[a(3)](3) + 150a 

a = 0.1456 rad/s” = 0.146 rad/s” Ans. 


This result can also be obtained by applying »M, = I, a, where 


I= 5 (50)(6?) + 50(3?) = 600 kg- m? 
Thus, 
G+EIMy = Deva; 300 sin 60°(6) — 50(9.81)(3) = 600a 
a = 0.1456 rad/s* = 0.146 rad/s” Ans. 
Using this result to write the force equations of motion along the n and f axes, 
£ YF, = m(ag)r 3 300 cos 60° — A, = 50(0) A, = 150N Ans. 
+1XF, = m(ag)n; Ay + 300 sin 60° — 50(9.81) = 50[0.1456(3)] 


Ay = 252.53 N = 253N 
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17-83. At the instant shown, two forces act on the 30-lb 
slender rod which is pinned at O. Determine the magnitude 
of force F and the initial angular acceleration of the rod so 
that the horizontal reaction which the pin exerts on the rod 
is 5 Ib directed to the right. 


Equations of Motion: The mass moment of inertia of the rod about point O is given 
1 / 30 30 

by Io = Ig = mrz, = Dp (SS )e (Se = 19.88 slug: ft?. At the instant 

shown, the tangential component of acceleration of the mass center for the rod is 

(4g); = arg = 4a. Applying Eq. 17-16, we have 


G+2Mo = Ip a: 20(3) — F(6) = —19.88a (1) 
=F = : m+r-s=(S5)a 2 
1 = m(ag)r; Fao (oe (2) 


Solving Eqs. (1) and (2) yields: 


a=121rad/s? F = 30.01b 


*17-84. The 50-kg flywheel has a radius of gyration about 
its center of mass of kg = 250mm. It rotates with a 
constant angular velocity of 1200 rev/min before the brake 
is applied. If the coefficient of kinetic friction between the 
brake pad B and the wheel’s rim is ux, = 0.5, and a force of 
P = 300N is applied to the braking mechanism’s handle, 
determine the time required to stop the wheel. 


Equilibrium: Writing the moment equation of equilibrium about point A, we have 
G+=M, = 0; Np (1) + 0.5Nz (0.2) — 300(1.5) = 0 
Nz = 409.09 N 


Equations of Motion: The mass moment of inertia of the flywheel about its center is 
Ip = 50( 0.25) = 3.125 kg- m’. Referring to the free-body diagram of the flywheel 
shown in Fig. b, we have 
+2 Mo = Ip a; 0.5(409.09)(0.3) = 3.125a 

a = 19.64 rad/s” 


min 1 rev 


2a rad \/ 1 mi 
Kinematics: Here, wy = (1200 rev )( ae )( mn ) = 407 rad/s. Since the 


60 s 
angular acceleration is constant, 


G+ @ = Wo + at 
0 = 407 + (—19.64)t 


t = 6.40s 
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017-85. The 50-kg flywheel has a radius of gyration about 
its center of mass of kg = 250 mm. It rotates with a constant 
angular velocity of 1200 rev/min before the brake is applied. 
If the coefficient of kinetic friction between the brake pad B 
and the wheel’s rim is px, = 0.5, determine the constant 
force P that must be applied to the braking mechanism’s 
handle in order to stop the wheel in 100 revolutions. 


Kinematics: Here, 


rev \/ 27 rad \/ 1 min 
wo (1200 1) ee )( 60s ) 407 rad/s 


27 rad 


6 = (100 ren)( ne 


) = 2007 rad 


Since the angular acceleration is constant, 


w = wo? + a(O — 4) 
0? = (407)? + 2a(2007 — 0) 
a = —12.57 rad/s* = 12.57 rad/s” 


Equilibrium: Writing the moment equation of equilibrium about point A using the 
free-body diagram of the brake shown in Fig. a, 


G+5M,=0;  Npg(1) + 0.5Nz (0.2) — P(1.5) = 0 
Nz = 1.3636P 


Equations of Motion: The mass moment of inertia of the flywheel about its center is 
Io = mko? = 50(0.25) = 3.125 kg- m*. Referring to the free-body diagram of the 
flywheel shown in Fig. b, 


+2Mo = Ioa; —_(0.5(1.3636 P)(0.3) = 3.125(12.57) 
P = 191.98N = 192N 


17-86. The 5-kg cylinder is initially at rest when it is 
placed in contact with the wall B and the rotor at A. If the 
rotor always maintains a constant clockwise angular 
velocity w= 6rad/s, determine the initial angular 
acceleration of the cylinder. The coefficient of kinetic 
friction at the contacting surfaces B and C is p, = 0.2. 


Equations of Motion: The mass moment of inertia of the cylinder about point O is 


1 1 
given by Ip = zm - 5 (5)(0.125°) = 0.0390625 kg: m*. Applying Eq. 17-16, 
we have 


3 YF, = m(ag)x; Ng + 0.2N,4 cos 45° — Ny sin 45° = qd) 
+1 ZF, =m(ag)y; — 0.2Ng + 0.2N, sin 45° + Ny cos 45° — 5(9.81)=0 (2) 
G+2Mp = Iga;  0.2N4 (0.125) — 0.2Nz (0.125) = 0.0390625a (3) 
Solving Eqs. (1), (2), and (3) yields; 

N,=S101N Ng = 28.85N 


a = 14.2 rad/s” 
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17-87. The drum has a weight of 50 lb and a radius of 
gyration ky, = 0.4 ft. A 35-ft-long chain having a weight of 
2 lb/ft is wrapped around the outer surface of the drum so 
that a chain length of s = 3 ft is suspended as shown. If the 
drum is originally at rest, determine its angular velocity 
after the end B has descended s = 13 ft. Neglect the 
thickness of the chain. 


5 2(35 — s 
G+=EM, = (Ma; 2s(0.6) = (o.oo (35 )oay ) 0.6) a 


1.2s = 0.02236sa + (0.24845 + 0.7826 — 0.02236s)a 


1.1645 = @ b B 


dab a(S) ah [50+2(35-5)||b 


ds 
11645) = oda 


13 o 
19308 [ sds = i wo dw 
3 0 


Saag 
2 2 2 
w = 17.6 rad/s 


1.9395] 


ea )[xco-o)] 


*17-88. Disk D turns with a constant clockwise angular 
velocity of 30 rad/s. Disk E has a weight of 60 lb and is 
initially at rest when it is brought into contact with D. 
Determine the time required for disk E to attain the same 
angular velocity as disk D. The coefficient of kinetic 
friction between the two disks is uw, = 0.3. Neglect the 
weight of bar BC. 


Equations of Motion: The mass moment of inertia of disk E about point B is given 


1/ 60 


= 1 i 
DIRS gH ( 


Je) = 0.9317 slug: ft”. Applying Eq. 17-16, we have 


4 YF, = m(ag)x: 0.3N — Fpgc cos 45° = 0 w = 30 rad/s 
+TXF, = m(ag)y; N — Fgc sin 45° — 60 = 0 
G+=Mp = Iga; 0.3N(1) = 0.9317a 
Solving Eqs. (1), (2) and (3) yields: 

Feo = 36.371b = =9N = 85.71lb = a = 27.60 rad/s” 
Kinematics: Applying equation w = wo + a,, we have 
(G+) 30 = 0 + 27.601 

t = 1.09s 
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017-89. A 17-kg roll of paper, originally at rest, is 
supported by bracket AB. If the roll rests against a wall 
where the coefficient of kinetic friction is wc = 0.3, and a 
constant force of 30 N is applied to the end of the sheet, 
determine the tension in the bracket as the paper unwraps, 
and the angular acceleration of the roll. For the calculation, 
treat the roll as a cylinder. 


Equations of Motion: The mass moment of inertia of the paper roll about point A is 


i 1 
given by [4 = zm at) (0.127) = 0.1224 kg-m?. Applying Eq. 17-16, 


we have 


5 
m(ag)x 5 Ne — Fas (=) + 30 sin 60° = 0 (1) 


12 
+T3F, = m(ag)y;  0.3Nc + Far (3) — 30 cos 60° — 17(9.81) = 0 (2) 


C+3M, = Ihe; 30(0.12) — 0.3Nc(0.12) = 0.1224a (3) 


Solving Eggs. (1), (2), and (3) yields: 


Fup =183N a = 164rad/s? 


No = 44.23 N 
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17-90. The cord is wrapped around the inner core of the 
spool. If a 5-lb block B is suspended from the cord and 
released from rest, determine the spool’s angular velocity 
when ¢ = 3s. Neglect the mass of the cord. The spool has a 
weight of 180 lb and the radius of gyration about the axle A 
is ky, = 1.25 ft. Solve the problem in two ways, first by 
considering the “system” consisting of the block and spool, 
and then by considering the block and spool separately. 


System: 


C+UM, = 3(My)as — 5(1.5) = (35 ).25)a i (s35)asava.s) 


a = 0.8256 rad/s” 


(C+) wo=wt at 
w = 0 + (0.8256) (3) 
w = 2.48 rad/s 


Also, 
Spool: 


C+=IM,z=I4a;  T(15)= (So Jas 


Weight: 


= 


+12F, = mag); 5-T= (Jase 


a = 0.8256 rad/s” 


(C+) @ = w + act 
w = 0 + (0.8256) (3) 


w = 2.48 rad/s 
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17-91. If a disk rolls without slipping on a horizontal 
surface, show that when moments are summed about the 
instantaneous center of zero velocity, IC, it is possible to use 
the moment equation = M,c = I;ca, where I;c represents 
the moment of inertia of the disk calculated about the 
instantaneous axis of zero velocity. 

C+2Mic = = (My)ic; 2Mic = Iga + (mag)r 

Since there is no slipping, ag = ar. 

Thus, =Mic = Ug Te mr’) a. 


By the parallel-axis theorem, the term in parenthesis represents J}c. Thus, 


=Mic = Tica 


*17-92. The 10-kg semicircular disk is rotating at 
w = 4rad/s at the instant 9 = 60°. Determine the normal 
and frictional forces it exerts on the ground at A at this 
instant. Assume the disk does not slip as it rolls. 


Equations of Motion: The mass moment of inertia of the semicircular disk about its 


1 
center of mass is given by Ig = 5 (10) (0.47) 7 10(0.16987) = 0.5118 kg-m*. From 
the geometry, 7/4 = V0.1698" + 0.47 — 2(0.1698)(0.4) cos 60° = 0.3477 m. Also, 


‘ in 60° 
using the law of sines, ee = ue 6 = 25.01°. Applying Eq. 17-16, we have 


C+=EM,4 = >(M,)a; — 10(9.81)(0.1698 sin 60°) = 0.51180 
+ 10(ag), cos 25.01° (0.3477) 
+ 10(ag)y sin 25.01°(0.3477) 
+ SF, = m (ag)x; Fy = 10(ac)x 
+TF, = m(ag)y3 N — 10(9.81) = —10(ag), 


Kinematics: Since the semicircular disk does not slip at A, then (a4), = 0. Here, 
c/a = {—0.3477 sin 25.01°% + 0.3477 cos 25.01°j} m = {—0.1470i + 0.3151j} m. 
Applying Eq. 16-18, we have 


ag = ay t+ a X Igy, — GA 


(aq)xi — (ag)yj = 6.40 + ak x (—0.1470i + 0.3151j) — 4°(—0.1470i + 0.3151j) 


(ag)x i — (ag)y j = (2.3523 — 0.3151a) i + (1.3581 — 0.1470a)j 


Equating i and j components, we have 
(ag), = 0.315la — 2.3523 


Xx 
(ag) = 0.1470a — 1.3581 


O 
Solving Eqs. (1), (2), (3), (4), and (5) yields: iN BrEdoni® 
a = 13.85 rad/s” (ag)y = 2.012 m/s? (ag), = 0.6779 m/s” A’ 


Fr = 20.1N N = 91.3N 5 )y 25-0/° 
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e17-93. The semicircular disk having a mass of 10 kg is 
rotating at w = 4 rad/s at the instant 6 = 60°. If the 
coefficient of static friction at A is u, = 0.5, determine if the 
disk slips at this instant. 


Equations of Motion: The mass moment of inertia of the semicircular disk about its 
1 
center of mass is given by Ig = 5 (10) (0.47) — 10 (0.16987) = 0.5118 kg: m*. From 


the geometry, rg/4 = V0.1698? + 0.47 — 2(0.1698) (0.4) cos 60° = 0.3477 m Also, 
sin 0 sin 60° 
0.1698 0.3477’ 


using law of sines, 6 = 25.01°. Applying Eq. 17-16, we have 


G+=M, = (M4; — 10(9.81)(0.1698 sin 60°) = 0.5118a 
+ 10(ag), cos 25.01°(0.3477) 
+ 10(ag)y sin 25.01°(0.3477) qd) 
# ZF, = mag); F; = 10(ag), (2) 
+TF, = m(ag)y; N — 10(9.81) = —10(ag), (3) 


Kinematics: Assume that the semicircular disk does not slip at A, then (a,), = 0. 
Here, rgj4 = {—0.3477 sin 25.01°% + 0.3477 cos 25.01°j} m = {—0.1470i + 0.3151j} m. 
Applying Eq. 16-18, we have 


ag = ay + aX Igy, — OFG/A 


g)xi — (ag)yj = 6.40j + ak X (—0.1470i + 0.3151j) — 42(—0.1470i + 0.3151j 
yJ J J J 


—(ag)xi — (ag)yj = (2.3523 — 0.3151 @) i + (1.3581 — 0.1470a)j 
Equating i and j components, we have 
(ag), = 0.3151a — 2.3523 
(a4g)y = 0.1470 — 1.3581 
Solving Eqs. (1), (2), (3), (4), and (5) yields: 
a = 13.85 rad/s” (ag) = 2.012 m/s” (ag) = 0.6779 m/s” 
F, = 20.12 N N = 91.32N 


Since Fy < (Fp)max = MsN = 0.5(91.32) = 45.66 N, then the semicircular 
disk does not slip. Ans, 
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17-94. The uniform 50-lb board is suspended from cords 
at C and D. If these cords are subjected to constant forces 
of 30 Ib and 45 Ib, respectively, determine the initial 
acceleration of the board’s center and the board’s angular 
acceleration. Assume the board is a thin plate. Neglect the 
mass of the pulleys at F and F. 


50 
+1=F,=m(ag)y; 45 + 30-50 = (3) ag 


ag = 16.1 ft/s? 


G+=Mg=Iga,  —30(5) + 45(5) = E (5 )cc0 fa 


a = 5.80 rad/s” 


17-95. The rocket consists of the main section A having a 
mass of 10 Mg and a center of mass at G,. The two identical 
booster rockets B and C each have a mass of 2 Mg with 
centers of mass at Gg and Gc, respectively. At the instant 
shown, the rocket is traveling vertically and is at an altitude 
where the acceleration due to gravity is g = 8.75 m/s’. If 
the booster rockets B and C suddenly supply a thrust of 
Tp = 30kN and Tc = 20kN, respectively, determine the 
angular acceleration of the rocket. The radius of gyration of 
A about Gy isk, = 2m and the radii of gyration of B and 
C about Gg and Gc are kg = kc = 0.75 m. 


Equations of Motion: The mass moment of inertia of the main section and booster 
rockets about G is 


(1) = 10(10*)(2?) + 2{ 2(10°)(0.75") + 2(10°)(1.5? + °)) T, Px 
= 195.25(10°) kg-m? 
ales ae = m(ag)y 3 


150(10°) + 20(10%) + 30(10°) 
- 2(10") + 2(10°) 


+ 10(10°) |r) 


foUo’(875)N 


= 2(10") + 2(107) + 10(10")}a 


a = 5.536 m/s” = 5.54 m/s”? 
+3(Me)a = 2Ue)aes — 30(10°)(1.5) — 20(10*)(1.5) = 195.25(10*)a 


a = 0.0768 rad/s” 
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*17-96. The 75-kg wheel has a radius of gyration about the 
z axis of k, = 150mm. If the belt of negligible mass is 
subjected to a force of P = 150 N, determine the acceleration 
of the mass center and the angular acceleration of the wheel. 
The surface is smooth and the wheel is free to slide. 


Equations of Motion: The mass moment of inertia of the wheel about the z axis is 
(Ig), = mk,? = 75(0.15?) = 1.6875 kg- m’. Referring to the free-body diagram of 
the wheel shown in Fig. a, we have 


+ =F, = m(ag)x; 150 = 75ag ag = 2m/s* Ans. 


G+=Mg = Ica; —150(0.25) = —1.6875a a = 22.22 rad/s? Ans. 


¢17-97. The wheel has a weight of 30 lb and a radius of 
gyration of kg = 0.6 ft. If the coefficients of static and 
kinetic friction between the wheel and the plane are 
bs = 0.2 and p, = 0.15, determine the wheel’s angular 
acceleration as it rolls down the incline. Set 9 = 12°. 


! 30 
+ = : ONas = ——— 
“XF,. = m(ag)x; 30 sin 12 F Gaz 


iNZF, = m(ag)y3 N — 30cos 12° = 0 


G+=MG=Iga;  F(1.25) = (35) (0.5? |e 


Assume the wheel does not slip. 
ag = (1.25)a 
Solving: 
F = 1.171b 
N = 29.34 Ib 
ag = 5.44 ft/s? 
a = 4.35 rad/s” 


Fimax = 0.2(29.34) = 5.87 Ib > 1.17 1b 
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17-98. The wheel has a weight of 30 lb and a radius of 
gyration of kg = 0.6ft. If the coefficients of static and 
kinetic friction between the wheel and the plane are 
bs = 0.2 and pw, = 0.15, determine the maximum angle 0 of 
the inclined plane so that the wheel rolls without slipping. 


Since wheel is on the verge of slipping: 


30 
t+“ =F, = m(ag)x; 30 sin @ — 0.2N = (3 )oa2se) 


+N2IF, = m(ag)y N — 30cos 6 = 0 


G+>Mc=Iga;  0.2N(1.25) = (3% )oo"]e 


Substituting Eqs.(2) and (3) into Eq. (1), 
30 sin 6 — 6 cos 6 = 26.042 cos 6 
30 sin 6 = 32.042 cos 6 
tan 6 = 1.068 


6 = 46.9° 


17-99. Two men exert constant vertical forces of 40 Ib 
and 30 Ib at ends A and B of a uniform plank which has a 
weight of 50 Ib. If the plank is originally at rest in the 
horizontal position, determine the initial acceleration of 
its center and its angular acceleration. Assume the plank 
to be a slender rod. 


Equations of Motion: The mass moment of inertia of the plank about its mass center 


1 1 / 50 
is given by Ig = ml’ = ( ) (157) = 29.115 slug: ft? Applying Eq. 17-14, 


12 12 \ 32.2 
we have 


50 
+T3F, = m(ag)y; 40 + 30 — 50 = (Sec 


ag = 12.9 ft/s? 
G+2Mg = Iga: 30(7.5) — 40(7.5) = —29.115 a 


a = 2.58 rad/s” 
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*17-100. The circular concrete culvert rolls with an angular 
velocity of w = 0.5 rad/s when the man is at the position 
shown. At this instant the center of gravity of the culvert and 
the man is located at point G, and the radius of gyration 
about G is kg = 3.5 ft. Determine the angular acceleration 
of the culvert. The combined weight of the culvert and the 
man is 500 Ib. Assume that the culvert rolls without slipping, 
and the man does not move within the culvert. 


Equations of Motion: The mass moment of inertia of the system about its mass 
_ 500 

32.2 
of motion about point A, Fig. a, 


center is Ig = mkg? (3.5?) = 190.22 slug: ft”. Writing the moment equation 


500 500 
+2M, = 2(M,)a; —500(0.5) = 39,9 (4a) (4) - 359 (4a) (0-5) — 190.22a (1) 


Kinematics: Since the culvert rolls without slipping, 
ay = ar = a(4)> 
Applying the relative acceleration equation and referring to Fig. b, 
ag = agt@ X rgjo — wo IG/A 


(ag)xi — (ag)yj = 4ai + (—ak) X (0.5%) — 0.57(0.5i) 


(4g)xi — (ag)yj = (4a — 0.125)i — O.50j 
Equating the i and j components, 
(ag), = 4a — 0.125 
(ag) = 0.5a 


Substituting Eqs. (2) and (3) into Eq. (1), 


—500(0.5) = 2S (4a — 0.125)(4) — 2 (0.5a)(0.5) — 190.220 


a = 0.582 rad/s” 
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¢17-101. The lawn roller has a mass of 80 kg and a radius 
of gyration kg = 0.175 m. If it is pushed forward with a 
force of 200 N when the handle is at 45°, determine its 
angular acceleration. The coefficients of static and kinetic 
friction between the ground and the roller are w, = 0.12 
and ww, = 0.1, respectively. 


£ YF, = m(ag)s; 200 cos 45° — Fy = 80ag 


+TSF, = m(ag)y; Na — 80(9.81) — 200 sin 45° = 


C+=MG = Ica; F ,(0.2) = 80(0.175)7 a 
G GG; AC ) ( ) 


Assume no slipping: ag = 0.2a o 


80961) N 
F, = 6132N ae aan 
x 


N, = 926.2N 
a = 5.01 rad/s? 


(F 4)max = My N4 = 0.12(926.2) = 111.1N > 61.32N 


17-102. Solve Prob. 17-101 if uw, = 0.6 and pw, = 0.45. 


& SF, = m(ag);; 200 cos 45° — F4 = 80ag 
+T3F, = m(ag)y; Na — 80(9.81) — 200 sin 45° = 0 


G+2Mg = Iga; F ,(0.2) = 80(0.175)? a 


Assume no slipping: ag = 0.2@ 


F, = 61.32N 
N, = 926.2N 
a = 5.01 rad/s” 


(F 4)max = MsN 4 = 0.6(926.2 N) = 555.7N > 61.32N 
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17-103. The spool has a mass of 100 kg and a radius of 
gyration of kg = 0.3 m. If the coefficients of static and 
kinetic friction at A are w,=0.2 and py, = 0.15, 
respectively, determine the angular acceleration of the 
spoolif P = 50N. 


3YF.= m(ag)x; 50 + F, = 100ag 
+TXF, = m(ag)y; Na — 100(9.81) = 0 
C+=MG = Iga; 50(0.25) — F4(0.4) = [100(0.3)"]a 
Assume no slipping: ag = 0.4a 
a = 1.30 rad/s? 
ag = 0.520m/s? Ny=981N Fy = 2.00N 


Since (F 4)max = 0.2(981) = 196.2N > 2.00N 


*17-104. Solve Prob. 17-103 if the cord and force 
P = 50N are directed vertically upwards. 


3 YF.= m(ag)x;  F4 = 100ag 


+T3F, = m(ag)y; Na + 50 — 100(9.81) = 0 


C+=MG = Iga; 50(0.25) — F4(0.4) = [100(0.3)"]a 
Assume no slipping: ag = 0.4a@ 

a = 0.500 rad/s” 

ag =02m/sX  N,=931N Fy =20N 


Since (F 4)max = 0.2(931) = 186.2N > 20N 
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¢17-105. The spool has a mass of 100 kg and a radius of 
gyration kg = 0.3 m. If the coefficients of static and kinetic 
friction at A are pw, = 0.2 and p, = 0.15, respectively, 
determine the angular acceleration of the spool if P = 600 N. 


SYF.= m(ag)x; 600 + F, = 100ag 0009-81) N 
+TSF, = m(ag)y; Na — 100(9.81) = 0 
C+>™MGg=Iga;  600(0.25) — F4(0.4) = [100(0.3)"Ja 
Assume no slipping: ag = 0.4a 
a = 15.6 rad/s” 
ag = 624m/s*> N,z=981N Fy, = 24.0N 


Since (F 4)max = 0.2(981) = 196.2N > 24.0N 


17-106. The truck carries the spool which has a weight of 
500 Ib and a radius of gyration of kg = 2 ft. Determine the 
angular acceleration of the spool if it is not tied down on the 
truck and the truck begins to accelerate at 3 ft/s”. Assume 
the spool does not slip on the bed of the truck. 


+4 DF, = m(ag)x3 


G+ 3Mg=Iga FR)= (Jere 


ay = ag + (agg); + (Aaja)n 


en] [ep] =e)“ [ea0 


1 
(+) 3 = ag + 3a 


Solving Eggs. (1), (2), and (3) yields: 
F=1433lb ag = 0.923 ft/s” 


a = 0.692 rad/s”. 
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17-107. The truck carries the spool which has a weight of 
200 Ib and a radius of gyration of kg = 2 ft. Determine the 
angular acceleration of the spool if it is not tied down on 
the truck and the truck begins to accelerate at 5 ft/s”. The 
coefficients of static and kinetic friction between the spool 
and the truck bed are yw, = 0.15 and yp, = 0.1, respectively. 


| TZF,= m(ag)y; = N-200=0 N= 2001b 


C+IMg = Iga; F(3) = (Sere 


Assume no slipping occurs at the point of contact. Hence, (a4), = 5 ft/s”. 


a4 = ag t+ (aga): + (aaia)n 
oa} [ep] Le} bel [oa 
(+) 5 =ag + 3a 


Solving Eggs. (1), (2), and (3) yields: 


F =9.556lb ag = 1.538 ft/s? 
a = 1.15 rad/s” 


Since Fax = (200 Ib)(0.15) = 30 Ib > 9.556 Ib 


*17-108. A uniform rod having a weight of 10 lb is pin 
supported at A from a roller which rides on a horizontal 
track. If the rod is originally at rest, and a horizontal force of 
F = 15 lb is applied to the roller, determine the 
acceleration of the roller. Neglect the mass of the roller and 
its size d in the computations. 


Equations of Motion: The mass moment of inertia of the rod about its mass center is 


1 1 / 10 
me? = ( ep = 0.1035 slug - ft”. At the instant force F is 
12 12 \ 32.2 

applied, the angular velocity of the rod w = 0. Thus, the normal component of 


acceleration of the mass center for the rod (ag), = 0. Applying Eq. 17-16, we have 


15 tb A 
YF=mag), 15= Ga ag = 48.3 ft/s? fi 
iv N ft Tek #01035. 
G+=M,= (M4; OF Gao — 0.1035 a 
32.2 ss 
t (ih 


given by Ig = 


10 Ib )% 


a = 144.9 rad/s” | 
tv 


Kinematics: Since w = 0, (a@g/,4), = 0.The acceleration of roller A can be obtain by 
analyzing the motion of points A and G. Applying Eq. 16-17, we have 


ag = a4 + (agya)i + (Ac/a)n 

ift (Asp,),2O 

483] = | ‘| + 14490) zp | cements 
24AgCl : 

48.3 = a, — 144.9 ap) 44.90) 1) wred 


a, = 193 ft/s? 
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¢17-109. Solve Prob. 17-108 assuming that the roller at A 
is replaced by a slider block having a negligible mass. The 
coefficient of kinetic friction between the block and the 
track is uw, = 0.2. Neglect the dimension d and the size of 
the block in the computations. 


Equations of Motion: The mass moment of inertia of the rod about its mass center is 


1 1/ 10 
me? = ( Je) = 0.1035 slug: ft”. At the instant force F is 
12 12\ 32.2 


applied, the angular velocity of the rod w = 0. Thus, the normal component of 
acceleration of the mass center for the rod (ag), = 0. Applying Eq. 17-16, we have 


given by Ig = 


DF, = m(ag)n3 10-N=0 N= 10.0lb 


10 


Ja ag = 41.86 ft/s? 
Iga =0.1035%- 


¢ 
/ 


10 


a (4.8600 — 0.1035 


G+=M, = X(My)a; 0= ( 


a = 125.58 rad/s” 


Kinematics: Since @ = 0, (ag/4), = 0.The acceleration of block A can be obtain by 
analyzing the motion of points A and G. Applying Eq. 16-17, we have 


ag = ag + (agya)i + (Aya)n 


41.86] = [ag |+{ 125.580 |+[o] 


apn wW20 
41.86 = a, — 125.58 4),=25-560),.| |, 7" 125-56 rad fete 


a, = 167 ft/s? 


17-110. The ship has a weight of 4(10°) lb and center of 

gravity at G. Two tugboats of negligible weight are used to 

turn it. If each tugboat pushes on it with a force of T = 2000 Ib 
T = 2000 lb, determine the initial acceleration of its center 

of gravity G and its angular acceleration. Its radius of 

gyration about its center of gravity is kg = 125 ft. Neglect 

water resistance. 


Equations of Motion: Here, the mass moment of inertia of the ship about its mass 
4(10°) 
32.2 
body diagrams of the ship shown in Fig. a, 


center is Ig = mk,* = (1257) = 1.941(10°) slug: ft?. Referring to the free- 


4(10°) 
+TXF, = m(ag)y; 2000 — 2000 = 55-4 


a=0 
G+2Mg = Iga; 2000(100)+2000(200) = 1.941(10°)a 


a = 0.30912(10°) rad/s? = 0.309(10°) rad/s 
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17-111. The 15-lb cylinder is initially at rest on a 5-lb M = 40 lb-ft 
plate. If a couple moment M = 40 Ib: ft is applied to the 

cylinder, determine the angular acceleration of the 125i 
cylinder and the time needed for the end B of the plate to 
travel 3 ft to the right and strike the wall. Assume the 
cylinder does not slip on the plate, and neglect the mass of 
the rollers under the plate. 


B 
©©O OO OW} OO © 
A k— 3 ft 


Equation of Motions: The mass moment of inertia of the cylinder about its mass 


1 1/ 15 
center is given by Ig = 5 mr? = (35a) = 0.3639 slug: ft?.. Applying 


Eq. 17-16 to the cylinder [FBD(a)], we have 


15 
C+>3M,= (Ma; —40= -(s55 )eo(125) — 0.3639a (1) 


15 
# SF, = m(ag)ss i Gaz @) 


Applying the equation of motion to the place [FBD(b)], we have 


5 
4 SF. = ma,; Fy = Gaz (3) 


Kinematics: Analyzing the motion of points G and A by applying Eq. 16-18 with 
Iga = {1.25j} ft, we have 


ag = a4 + a X Iga — OG) A 
—agi = (a4)yi + (a4)yj + ak X (1.25j) — @7(1.25j) 
—agi = [(a4), — 1.25a]i + [(a4), — 1.25 jj 
Equating i components, we have 
ag = 1.25a — (a4), (4) 


Since the cylinder rolls without slipping on the plate, then ap = (a,),. Substitute 
into Eq. (4) yields 


ag = 1.25a — ap (5) 
Solving Eggs. (1), (2), (3), and (5) yields: 
a = 73.27 rad/s” 
ag = 22.90 ft/s? ap = 68.69 ft/s? Fy = 10.67 Ib 


The time required for the plate to travel 3 ft is given by 


1 2 
SS Rg Oak eat 


1 
Sea a (68.69)? 


t = 0.296 s 
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*17-112. The assembly consists of an 8-kg disk and a 10-kg 
bar which is pin connected to the disk. If the system is 
released from rest, determine the angular acceleration of 
the disk. The coefficients of static and kinetic friction 
between the disk and the inclined plane are w, = 0.6 and 
Lyx = 0.4, respectively. Neglect friction at B. 


Equation of Motions: 
Disk: 


IDF, = m(ag)x; Ay — Fe + 8(9.81) sin 30° = 8a 


+7ZF, = m(ag)y; Nc — Ay — 8(9.81) cos 30° = 0 


C+EM,=Iha; F(0.3) = 51)(03) fe 


Bar: 


INDF, = m(ag)x; -:10(9.81) sin 30° — A, = 10ag 


+72 F, = m(ag)y; Ng + Ay — 10(9.81) cos 30° = 0 


G+=Mg = Iga; — Nz (0.5 cos 17.46°) + A, (0.5 sin 17.46°) 


+ Ay, (0.5 cos 17.46°) = 0 
Kinematics: Assume no slipping of the disk: 
ag = 0.3a 

Solving Eqs. (1) through (7): 

A, = 8.92N Ay = 41.1N Nz = 4.9N 

ag = 4.01 m/s” 

a = 13.4 rad/s? 

Nc = 109N 

Fo = 16.1N 


(Fc)max = 0.6(109) = 65.4N > 16.1N 


10(9.B1)N 
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17-113. Solve Prob. 17-112 if the bar is removed. The 
coefficients of static and kinetic friction between the disk 
and inclined plane are », = 0.15 and pw, = 0.1, respectively. 


Equation of Motions: 


4NZF, = m(ag)x; (9.81) sin 30° — Fe = 8ag 


+72F, = m(ag)y3 —8(9.81) cos 30° + Nc = 0 


C+=MG = Ica; Fe (0.3) = E (8)(03) Je 


Kinematics: Assume no slipping: ag = 0.3a 


Solving Eqs. (1)-(3): 
Nc = 67.97N 
ag = 3.27 m/s* 
a = 10.9 rad/s” 
Fe = 13.08N 
(Fc) max = 0.15(67.97) = 10.2N < 13.08N 


Slipping occurs: 


Fo = 0.1Nc 


Solving Egs. (1) through (3): 
Nc = 67.97N 
a = 5.66 rad/s” 
ag = 4.06 m/s” 


ACG-BI)N 


714 


91962_07_s17_p0641-0724 6/8/09 4:07 PM Page 715 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


17-114. The 20-kg disk A is attached to the 10-kg block B 
using the cable and pulley system shown. If the disk rolls 
without slipping, determine its angular acceleration and the 
acceleration of the block when they are released. Also, what 
is the tension in the cable? Neglect the mass of the pulleys. 


Equation of Motions: 


Disk: 


C+2Mic = (Mic; = T (0.2) = - 3(20)(0.2) + 20(0.2)" Ja 


Block: 
+13F, = m(ag),; — 10(9.81) — 2T = 10ag 


Kinematics: 
2sp + Ss, = 1 


2ap =a, 
a,g = 0.2a 


az —0.la 
Note the direction for a and ag are the same for all equations. 


Solving Eqs. (1) through (3): 
ap = 0.755 m/s? = 0.755 m/s? | 
a = —7.55 rad/s? = 7.55 rad/s” 


T = 45.3N 


ag 
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17-115. Determine the minimum coefficient of static 
friction between the disk and the surface in Prob. 17-114 so 
that the disk will roll without slipping. Neglect the mass of 
the pulleys. 


Equation of Motions: 


Disk: 


C+>2Myc = =(M,)1c; T(0.2) = - 5 (2010.2) + 20(0.2)" Ja 


£ YF, = m(ag)x; —-T + Fy, = 20a, 
+T=F, = m(ag)y; Na — 20(9.81) = 0 


Block: 
+/SF, = m(ag)y; — 10(9.81) — 2T = 10ag 


Kinematics: 
2sp +s, = 1 


2ap =a, 


dg = —0.1la (3) 
Note the direction for a and ag are the same for all equations. Solving 
Eqs. (1) through (3): 
ag = 0.755 m/s” 
a = —7.55 rad/s” 
T = 45.3N 


Also, 
a, = 0.2(—7.55) = —1.509 m/s’, Ny, = 196.2N, Fy, = 15.09N 


15.09 
Mmin — 196.2 = 0.0769 
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*17-116. The 20-kg square plate is pinned to the 5-kg 
smooth collar. Determine the initial angular acceleration 
of the plate when P = 100N is applied to the collar. The 
plate is originally at rest. 


Equations of Motion: The mass moment of inertia of the plate about its mass center 


is Ig 5 m(a? + b’) 5 (20)(0.3? + 0.37) = 0.3 kg: m?. 


3 YF. = mag) 100 = 5aq + 20(ag), qd) 
G+IM, = Wea; 0 = 20(ag), (0.3 sin 45°) — 0.3a@ (2) 
Kinematics: Applying the relative acceleration equation and referring to Fig. b, 


ag =a, “OF IG/A = wo FGA 


(ag)xi + (ag)yj = a4i + (—ak) X (—0.3 sin 45° j) — 0 


(ag)xi + (ag)yj = (a4 — 0.2121 a)i 
Equating the i and j components, 
(4g)x = 44 — 0.2121a 
(4G), =0 
Solving Egs. (1) through (3) yields: 
a, = 10m/s* > 
(ag)y = 2.5 m/s* > 


a = 35.4 rad/s” 


5GBI)N 
A 
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e17-117. The 20-kg square plate is pinned to the 5-kg 
smooth collar. Determine the initial acceleration of the 
collar when P = 100 N is applied to the collar. The plate is 
originally at rest. 


Equations of Motion: The mass moment of inertia of the plate about its mass center 


b?) “ (20)(0.3? + 0.37) = 0.3 kg: m’. 


is Ig 


1 
12 


3YF.= m(ag)y 100 = 5a, + 20(ag), () 
G+EM, = U(u,)a; 0 = 20(ag ),(0.3sin 45°) — 0.3a (2) 
Kinematics: Applying the relative acceleration equation and referring to Fig. b, 


ag =a, +ax IG/A = @'¥G/A 


(4g)xi + (ag)yj = aai + (—ak) X (—0.3 sin 45°j) — 0 


(ag)xi + (ag)yj = (a4 — 0.2121e)i 
Equating the i and j components, 
(4g), = 4,4 — 0.2121a 
(ag)y = 0 
Solving Egs. (1) through (3) yields 
a, = 10m/s* > 


(ag), = 2.5 m/s? > 


a = 35.4 rad/s” 
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17-118. The spool has a mass of 100 kg and a radius of 
gyration of kg = 200mm about its center of mass G. If a 
vertical force of P = 200N is applied to the cable, 
determine the acceleration of G and the angular 
acceleration of the spool. The coefficients of static and 
kinetic friction between the rail and the spool are pw, = 0.3 
and pw, = 0.25, respectively. 


Equations of Motion: The mass moment of inertia of the spool about its mass center 
is Ig = mkg? = 100(0.2?) = 4kg- m’. 


“HSF,= mag) Fr = 100ag (1) 
+1 =F, = m(ag)y; N — 100(9.81) — 200 = 0 N = 1181 N 
G+=Mg = Iga; 200(0.3) — F,(0.15) = 4a 
Kinematics: Assuming that the spool rolls without slipping on the rail, 
ag = arg = a(0.15) 
Solving Eqs. (1) through (3) yields: 
a = 9.60 rad/s” 
ag = 1.44 m/s? — 
Fy = 144N 


Since Fy < ux, N = 0.3(1181) = 354.3 N, the spool does not slip as assumed. 
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17-119. The spool has a mass of 100 kg and a radius of 
gyration of kg = 200 mm about its center of mass G. If a 
vertical force of P = 500 N is applied to the cable, determine 
the acceleration of G and the angular acceleration of the spool. 
The coefficients of static and kinetic friction between the rail 
and the spool are w, = 0.2 and yp, = 0.15, respectively. 


Equations of Motion: The mass moment of inertia of the spool about its mass center 
is Ig = mkg? = 100(0.2?) = 4kg-m’. 


ASF, = mag); Fr = 100ag () 
+T3F, = m(ag)y; N — 100(9.81)- 500=0 N= 1481N 


G+2Mg = Iga: 500(0.3) — F;(0.15) = 4a 


lOOCBIIN 


Kinematics: Assuming that the spool rolls without slipping on the rail, 
ag = arg = a(0.15) 
Solving Eqs. (1) through (3) yields: 
a = 24rad/s* ag = 3.6 m/s? F; = 360N 


Since Fy > pz N = 0.2(1481) = 296.2 N, the spool slips. Thus, the solution must be 
reworked using Fr = wy, N = 0.15(1481) = 222.15 N. Substituting this result into 
Eqs. (1) and (2), 


222.15 = 100ag ag = 2.22 m/s*<— Ans. 


500(0.3) — 222.15(0.15) = 4a a = 29.17 rad/s” = 29.2 rad/s” Ans. 
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*17-120. If the truck accelerates at a constant rate of 6m/s’, 
starting from rest, determine the initial angular acceleration of 
the 20-kg ladder. The ladder can be considered as a uniform 
slender rod. The support at B is smooth. 


Equations of Motion: We must first show that the ladder will rotate when the 
acceleration of the truck is 6 m/s”. This can be done by determining the minimum 
acceleration of the truck that will cause the ladder to lose contact at B, Nz = 0. 
Writing the moment equation of motion about point A using Fig. a, 


G +My, = =(M,) 43 20(9.81) cos 60°(2) = 204min (2 sin 60°) 
Amin = 5.664 m/s” 


Since Amin < 6 m/s”, the ladder will in the fact rotate. The mass moment of inertia about 


1 ak 
its mass center is Ig = pm = 7 2n(4) = 26.67 kg- m”. Referring to Fig. b, 


G+=M, = =(M,)43 20(9.81) cos 60°(2) = —20(ag),(2 sin 60°) 


— 20(ag)y(2 cos 60°) — 26.67a (1) 


Kinematics: The acceleration of A is equal to that of the truck. Thus, 
a, = 6m/s* —.Applying the relative acceleration equation and referring to Fig. c, 


ag = ag t aX Iga — w'EG/A 


(4g)xi + (ag)yj = —6i + (ak) X (—2 cos 60°4 + 2 sin 60°j) — 0 
(4g)xi + (4g)yj = (2 sin 60° a — 6)i + aj 
Equating the i and j components, 
(ag), = 2 sin 60°a — 6 
(4q)y = 
Substituting Eqs. (2) and (3) into Eq. (1), 


a = 0.1092 rad/s* = 0.109 rad/s? 


20(981)N 
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017-121. The 75-kg wheel has a radius of gyration about its 
mass center of kg = 375 mm. If it is subjected to a torque of 
M = 100N-m, determine its angular acceleration. The 
coefficients of static and kinetic friction between the wheel 
and the ground are x, = 0.2 and uw, = 0.15, respectively. 


Equations of Motion: The mass moment of inertia of the wheel about its mass 
center is lg = mkg? = 75( 0.3757) = 10.55 kg- m”. Writing the moment equation of 
motion about point A, 
G+=M, = >(M,)a; 100 = 75a,(0.45) + 10.55a ()) 
Assuming that the wheel rolls without slipping. 
ag = arg = a(0.45) 

Solving Eqs. (1) and (2) yields: 

a = 3.886 rad/s” = 3.89 rad/s” 

ag = 1.749 m/s” 
Writing the force equation of motion along the x and y axes, 


+TXF, = m(ag)y; N — 75(9.81) = 0 N = 735.75N 


& SF, = m(ag)x3 Fy = 75(1.749) = 131.15N 


Since Fy < u,N = 0.2(735.75) = 147.15N, the wheel does not slip as assumed. 


TS(V8UN 
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17-122. The 75-kg wheel has a radius of gyration about its 
mass center of kg = 375 mm. If it is subjected to a torque of 
M = 150N-m, determine its angular acceleration. The 
coefficients of static and kinetic friction between the wheel 
and the ground are x, = 0.2 and pw, = 0.15, respectively. 


Equations of Motion: The mass moment of inertia of the wheel about its mass 
center is Ig = mkg? = 75(0.375) = 10.55 kg- m7. Writing the moment equation of 
motion about point A, we have 


G+ EM, = X(uJ4; 150 = 75ag(0.45) + 10.55a () 
Assuming that the wheel rolls without slipping, 
ag = arg = a(0.45) 
Solving Eqs. (1) and (2) yields 
ag = 2.623 m/s* 
a = 5.829 rad/s* 


Writing the force equations of motion along the x and y axes, 


+1 =F, = m(ag)y;  N — 75(9.81) = 0 N = 735.75N 


ASF, = m(ag)x; Fs = 75(2.623) = 196.72 N 


Since Fy > pyN = 0.2(735.75) = 147.15 N, the wheel slips. The solution must be 
reworked using Fy = u,N = 0.15(735.75) = 110.36 N. Thus, 


& SF, = m(ag)y; 110.36 = 75ag ag = 1.4715 m/s* 


Substituting this result into Eq. (1), we obtain 
150 = 75(1.4715)(0.45) + 10.55a 


a = 9.513 rad/s? = 9.51 rad/s” 


7159.81) N 
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17-123. The 500-kg concrete culvert has a mean radius of 
0.5 m. If the truck has an acceleration of 3 m/s”, determine 
the culvert’s angular acceleration. Assume that the culvert 
does not slip on the truck bed, and neglect its thickness. 


Equations of Motion: The mass moment of inertia of the culvert about its mass 
center is Ig = mr? = 500(0.57) = 125kg-m’. Writing the moment equation of 
motion about point A using Fig. a, 


C+=M,4 = 3(MYa: 0 = 125a — 500a¢(0.5) (1) 


Kinematics: Since the culvert does not slip at A, (a4), = 3 m/s’. Applying the 
relative acceleration equation and referring to Fig. b, 


= 2 
ag = ag t+ aX Iga WTE/A 


agi — 31 + (a4),j + (ak X 0.5j) — w7(0.5j) 


agi = (3 — 0.5a)i + [(a4)n — 0.507 ]j 
Equating the i components, 
ag = 3 — 0.5a 
Solving Egs. (1) and (2) yields 
ag = 1.5 m/s? > 


a = 3rad/s* 


500(4-B1)N 
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018-1. At a given instant the body of mass m has an 
angular velocity w and its mass center has a velocity vg. 
Show that its kinetic energy can be represented as 
T= 51 7cw”, where Ic is the moment of inertia of the body 
computed about the instantaneous axis of zero velocity, 
located a distance rgj;¢ from the mass center as shown. 


1 1 
T= 3 nv + x1 w where ug = @Frgyic 


1 1 
= 3 morayc) > 3 IG w 


1 
oe a lmrGitc oF Ig) However MGIC ae Ig > lic 


1 
= zlice” 


18-2. The double pulley consists of two parts that are @ = 20 rad/s 
attached to one another. It has a weight of 50 Ib and a radius 

of gyration about its center of kg = 0.6 ft. If it rotates with 

an angular velocity of 20 rad/s clockwise, determine the 

kinetic energy of the system. Assume that neither cable slips 

on the pulley. 


T= ih aa ee 
pr OPO 5 MAMA a MERE 


pe ee (0.67 )(207 + +(25)lenw? + (35 )lenoh 


= 283 ft-lb 
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18-3. A force of P = 20N is applied to the cable, which 
causes the 175-kg reel to turn without slipping on the two 
rollers A and B of the dispenser. Determine the angular 
velocity of the reel after it has rotated two revolutions 
starting from rest. Neglect the mass of the cable. Each roller 
can be considered as an 18-kg cylinder, having a radius of 
0.1 m. The radius of gyration of the reel about its center axis 
is kg = 0.42 m. 


System: 


T ae XU 4_> = T> 


[0 + 0 + O] + 20(2)(27)(0.250) = 5 [175(0.42") Jo” i 5108)(04) Jor 
v = w, (0.1) = (0.5) 
o, = 5 P=20N 175 (9-B1)N 

Solving: 


w = 1.88 rad/s 


*18-4. The spool of cable, originally at rest, has a mass of 
200 kg and a radius of gyration of kg = 325 mm. If the 
spool rests on two small rollers A and B and a constant 
horizontal force of P = 400 N is applied to the end of the \ 
cable, determine the angular velocity of the spool when 8 m \\ \ ach 
of cable has been unwound. Neglect friction and the mass of anne) 
the rollers and unwound cable. 


T, =e XU 4-2 - T> 


0 + (400)(8) = 5 [200(0.325)"]o3 


@) = 17.4 rad/s 
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018-5. The pendulum of the Charpy impact machine has a 
mass of 50 kg and a radius of gyration of k, = 1.75 m. If it 
is released from rest when 6 = 0°, determine its angular 
velocity just before it strikes the specimen S,@ = 90°. 


T, + DU 4-2 = T> 
0 + (50)(9.81)(1.25) = — [(50)(1.75)]o3 


@) = 2.83 rad/s 


18-6. The two tugboats each exert a constant force F on 
the ship. These forces are always directed perpendicular to 
the ship’s centerline. If the ship has a mass m and a radius 
of gyration about its center of mass G of kg, determine the 


angular velocity of the ship after it turns 90°. The ship is 
originally at rest. 


‘= 


a 


sg 


cbicb<p 


Sa 


Leet 


Principle of Work and Energy: The two tugboats create a couple moment of 


= 


ag 


M = Fad torotate the ship through an angular displacement of 6 = = rad. The mass 


——< =e: 


moment of inertia about its mass center is 1g = mk?,. Applying Eq. 18-14, we have 


Ty a Dd U2 = To 


1 
0+ MO = 5 laa 


0+ ra() = 5 (mk) wo 
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18-7. The drum has a mass of 50 kg and a radius of gyration 
about the pin at O of kg = 0.23 m. Starting from rest, the 
suspended 15-kg block B is allowed to fall 3 m without 
applying the brake ACD. Determine the speed of the block at 
this instant. If the coefficient of kinetic friction at the brake 
pad Cis uw, = 0.5, determine the force P that must be applied 
at the brake handle which will then stop the block after it 
descends another 3 m. Neglect the thickness of the handle. 


Before braking: 


Ty > DU 4-2 on T> 


0 + 15(9.81)(3) = 5 (15)v4 = s[s002399\( 2%) 


vg = 2.58 m/s 


SB Sc 
0.15 0.25 


Set sg = 3m, then sc = 5m. 
T, + 2U,_2 = T2 
0 — F(5) + 15(9.81)(6) = 0 
F =176.6N 


176.6 
N = ——> = 353.2N 
0.5 


Brake arm: 


G+EM, =0; 353.2(0.5) + P(1.25) = 0 


P=141N 


15(9.B1)N 
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*18-8. The drum has a mass of 50 kg and a radius of 
gyration about the pin at O of kg = 0.23 m. If the 15-kg 
block is moving downward at 3 m/s, and a force of 
P = 100 N is applied to the brake arm, determine how far 
the block descends from the instant the brake is applied 
until it stops. Neglect the thickness of the handle. The 
coefficient of kinetic friction at the brake pad is wu, = 0.5. 


Brake arm: 


G+EM, = 0; N(0.5) + 100(1.25) = 0 


N = 250N 


F = 0.5(250) = 125N 


0.25 
If block descends s, then F acts through a distance s’ = (223), 


Ty ae DU 4-2 = T> 


2: 
c0y0237]( 55) z 5 (15)(3)? + 15(9.81)(s) — 125(9)( 9-2) =p 


s=9.75m 
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e18-9. The spool has a weight of 150 Ib and a radius of 
gyration ko = 2.25 ft. If a cord is wrapped around its inner 
core and the end is pulled with a horizontal force of 
P = 40 lb, determine the angular velocity of the spool after 
the center O has moved 10 ft to the right. The spool starts 
from rest and does not slip at A as it rolls. Neglect the mass 
of the cord. 


Kinematics: Since the spool rolls without slipping, the instantaneous center of zero 
velocity is located at point A. Thus, 


vo = ®FosIC = (3) 


Also, using similar triangles 


= 16.67 ft 


Free-Body Diagram: The 40 lb force does positive work since it acts in the same 
direction of its displacement sp. The normal reaction N and the weight of the spool 
do no work since they do not displace. Also, since the spool does not slip, friction 
does no work. 


Principle of Work and Energy: The mass moment of inertia of the spool about point 
150 
Ois Ig = mkZ = (=) (2.257) = 23.58 slug - ft”. Applying Eq. 18-14, we have 


T, + > Ui-2 = Tr 


0 + P(sp) mvo 


2 


0 + 40(16.67) = + (32 )eor + 5 (23.58) w 


w = 4.51 rad/s 


LT. Ww W=/50 /b 
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18-10. A man having a weight of 180 lb sits in a chair of 
the Ferris wheel, which, excluding the man, has a weight of 
15 000 Ib and a radius of gyration kg = 37 ft. If a torque 
M = 80(103) Ib-ft is applied about O, determine the 
angular velocity of the wheel after it has rotated 180°. 
Neglect the weight of the chairs and note that the man 
remains in an upright position as the wheel rotates. The 
wheel starts from rest in the position shown. 


T, a XU 4_> = T> 


15 000 180 


0 + 80(10°)(a) — (180)(120) = | (A Jon fer + (2) (60? 


w = 0.836 rad/s Ans, 


[5000 Ib 
M= 60W02 
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18-11. A man having a weight of 150 lb crouches down on 
the end of a diving board as shown. In this position the radius 
of gyration about his center of gravity is kg = 1.2 ft. While 
holding this position at 9 = 0°, he rotates about his toes at A 
until he loses contact with the board when 6 = 90°. If he 
remains rigid, determine approximately how many revolutions 
he makes before striking the water after falling 30 ft. 


T, Sed XU 4_> a T> 


0 + 150(1.5) = + (2 )asoy + (33 )a.2y 


w = 5.117 rad/s 


Vg = (1.5)(5.117) = 7.675 ft/s 


During the fall no forces act on the man to cause an angular acceleration, so a = 0. 


+1 gt erage 
( 2 


1 
30 = 0 + 7.675t + 7 32.2) 


Choosing the positive root, 


t= 1.147s 
1 2 
(C+) O Po shi@yt ti5 Get 


6 = 0 + 5.117(1.147) + 0 


6 = 5.870 rad = 0.934 rev. 
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*18-12. The spool has a mass of 60 kg and a radius of 
gyration kg = 0.3 m. If it is released from rest, determine 
how far its center descends down the smooth plane before it 
attains an angular velocity of w = 6 rad/s. Neglect friction 
and the mass of the cord which is wound around the 
central core. 


ToS = TT, 
0 + 60(9.81) sin 30°(s) = 5 [60(0.3)?](6) + 5 (60)[03(6) ? 


s = 0.661 m 


604-81) N 


018-13. Solve Prob. 18-12 if the coefficient of kinetic 
friction between the spool and plane at A is uw, = 0.2. 


SG = SA 
0.3 (0.5 — 0.3) 


S4 = 0.66675sG 
Nx, — 60(9.81) cos 30° = 0 
Na = 509.7N 


T, of XU 4-2 = T> 


0 + 60(9.81) sin 30°(sg) — 0.2(509.7)(0.66675G) = 5[60(0.3)"](6 


4: 5 (60)[(0.3)(6)? 
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18-14. The spool has a weight of 500 lb and a radius of 
gyration of kg = 1.75 ft. A horizontal force of P = 15 lb is 
applied to the cable wrapped around its inner core. If the 
spool is originally at rest, determine its angular velocity 
after the mass center G has moved 6 ft to the left. The spool 
rolls without slipping. Neglect the mass of the cable. 


For sg = 6 ft, then s, = 8 ft. 


T, oF DU 4-2 aes T> 


0 + 15(8) = ; (So )c.75) fa? + (2S )e4ey 


w = 1.32 rad/s 
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18-15. If the system is released from rest, determine the 
speed of the 20-kg cylinders A and B after A has moved 
downward a distance of 2 m. The differential pulley has a 
mass of 15 kg with a radius of gyration about its center of 
mass of kg = 100 mm. 


Kinetic Energy and Work: The kinetic energy of the pulley and cylinders A and B is 


= 1 2 == 1 2 Ds 2 
Tp = 5 low = 3] 15(04 Jo = 0.0750 


1 1 
IMA var = 3(20)va" = 10v 4° 


Ta= 


1 1 
Tp = 7 ("8 VR? = 3 (20)v5° = 10v,7 


Thus, the kinetic energy of the system is 
T=Tp+T,t+Tepz 
T = 0.075@* + 10v47 + 10v,7 
However, since the pulley rotates about a fixed axis, 


meat ey HAs 
BS og 90s 


Vz = orp = 6.667V, (0.075) = 0.5v4 
Substituting these results into Eq. (1), we obtain 
T = 15.833v 47 
Since the system is initially at rest, 


T= 0 Wg=20¢ IBN 


Referring to Fig. a, Fj does no work, while W, does positive work, and Wz does 
negative work. Thus, 


U4 = Was, Ug = —Wpsz Wa 2209.81) N 


Ss 2 
Here, s, = 2m. Thus, the pulley rotates through an angle of 0 = a 


ra 0.15 
= 13.33 rad. Then, sz = rg0 = 0.075(13.33) = 1m. Thus, 
U4 = 20(9.81)(2) = 392.4 J 
Uz = —20(9.81)(1) = —196.2 J 


Principle of Work and Energy: 


T, oe XU 4_> = T> 


0 + [392.4 + (-196.2)] = 15.833v,7 


v4 = 3.520 m/s = 3.52 m/st 


vg = 0.5(3.520) = 1.76 m/sT 
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*18-16. If the motor M exerts a constant force of 
P = 300N on the cable wrapped around the reel’s outer 
rim, determine the velocity of the 50-kg cylinder after it has 
traveled a distance of 2 m. Initially, the system is at rest. The 
reel has a mass of 25 kg, and the radius of gyration about its 
center of mass A isk, = 125 mm. 


Kinetic Energy and Work: Since the reel rotates about a fixed axis, vc = w, rc or 5 Bl 
Vo = VC Wp 25(9-81) N 
0.075 
centers is 74 = m,k 4? = 25(0.1257) = 0.390625 kg- m7. Thus, the kinetic energy of 


the system is 


= 13.33vc. The mass moment of inertia of the reel about its mass 


T=T,+Tc 


1 dL 
= 51am,’ + zm ve* 


1 1 
er (0.390625)(13.33v¢)? + 5 (50)v¢? 


= 59.72v¢" 


Since the system is initially at rest, 7, = 0. Referring to Fig. a, A,, A,, and W, 
do no work, while P does positive work, and W_. does negative work. When the 
cylinder displaces upwards through a distance of sc = 2m, the wheel rotates 


S 2 
== = 26.67 rad. Thus, P displaces a distance of sp =rp0 


ro 0.075 
= 0.15(26.67) = 4m. The work done by P and W, is therefore 
: Ke = 5009.81) N 


Up = Psp = 300(4) = 1200J 
Uw. = —We sc = —50(9.81)(2) = —981 J 


Principle of Work and Energy: 
Ty =r DU 4-2 = T> 


0 + [1200 + (—981)] = 59.72v¢? 


Vc = 1.91 m/st 
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e18-17. The 6-kg lid on the box is held in equilibrium by 
the torsional spring at 0 = 60°. If the lid is forced closed, 
6 = 0°, and then released, determine its angular velocity at 
the instant it opens to 6 = 45°. 


Equilibrium: Here, M = k6) = 206, where 6p is the initial angle of twist for the 
torsional spring. Referring to Fig. a, we have 


+DMc = 0; 6(9.81) cos 60°(0.3) — 206) = 0 0 = 0.44145 rad 


Kinetic Energy and Work: Since the cover rotates about a fixed axis passing through 


1 
point C, the kinetic energy of the cover can be obtained by applying T = 3 Ico’, 


where I¢ = smb? = 5 (6)(0.6") = 0.72 kg- m*. Thus, 


ia Prey = (0.72)w* = 0.36w* 
2 2 
Since the cover is initially at rest (9 = 0°), 7; = 0. Referring to Fig. b, C, and Cy do no 
work. M does positive work, and W does negative work. When 6 = 0° and 45°, the angles 
of twist for the torsional spring are 0; = 1.489 rad and 6, = 1.489 — 7 = 0.703 rad, 
respectively. Also, when 6 = 45°, W displaces vertically upward through a distance of 
h = 0.3 sin 45° = 0.2121 m. Thus, the work done by M and W are 


o 1.4886 rad 
Uy = / M do = | 200 do = 1067 = 17.22J 
05 0.7032 rad 


Uy = —Wh = —6(9.81)(0.2121) = —12.49J 
Principle of Work and Energy: 
T, - DU 4-2 = T> 


0 + [17.22 + (-12.49)] = 0.360” 


w = 3.62 rad/s 


609.81) N 


737 


91962_08_s18_p0725-0778 6/8/09 4:14 PM Page 738 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


18-18. The wheel and the attached reel have a combined 
weight of 50 lb and a radius of gyration about their center of 
k, = 6in.If pulley B attached to the motor is subjected to 
a torque of M = 40(2 — e!*) Ib- ft, where @ is in radians, 
determine the velocity of the 200-Ib crate after it has moved 
upwards a distance of 5 ft, starting from rest. Neglect the 
mass of pulley B. 


Kinetic Energy and Work: Since the wheel rotates about a fixed axis, 
Vc = orc = 0(0.375). The mass moment of inertia of A about its mass center is 

50 
I At mk veg = ( 


32:2 
system is 


(os = 0.3882 slug: ft”. Thus, the kinetic energy of the 


T=Tat+Tc 


1 
=GlAe: Ha meve: 


1 200 


1 
= 5 (0.3882) + 5 (3S )loosr5 


= 0.6308a* 


Since the system is initially at rest, 7, = 0. Referring to Fig. b, A,, A,, and W,, do no 
work, M does positive work, and W_ does negative work. When crate C moves 5 ft 


; 5 
upward, wheel A rotates through an angle of 6, = *<- 0375 > 13.333 rad. Then, 
r f 


0.625 
pulley B rotates through an angle of 6, = Ley, = (S52 13.333 = 33.33 rad. 
'B . 


Thus, the work done by M and W, is 


33.33 rad 
Uy = i Md, = i 40(2 — e~°!?)do 
0 


33.33 rad 


= 40(20 + 10e-™) 


= 2280.93 ft-lb 


0 


Uy. = 


. WceSc = —200(5) = —1000 ft - Ib 
Principle of Work and Energy: 

T, + 2U,_. = T, 

0 + [2280.93 — 1000] = 0.6308w* 


w = 45.06 rad/s 


ve = 45.06(0.375) = 16.9 ft/s T 
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18-19. The wheel and the attached reel have a combined 
weight of 50 Ib and a radius of gyration about their center of 
ka, = 6in. If pulley B that is attached to the motor is 
subjected to a torque of M = 501b-ft, determine the 
velocity of the 200-lb crate after the pulley has turned 
5 revolutions. Neglect the mass of the pulley. 


Kinetic Energy and Work: Since the wheel at A rotates about a fixed axis, 
Vc = orc = o(0.375). The mass moment of inertia of wheel A about its mass center 


50 
is 14 = mk? = ( 


32.2 
system is 


(os = 0.3882 slug: ft”. Thus, the kinetic energy of the 


Cato Te 


1 
=5lae’ #5 mevc: 


1 1 (200 
= 5 (0.3882)u" + 5 (3 )loosr5p 


= 0.6308" 


Since the system is initially at rest, 7, = 0. Referring to Fig. b, A,, A,, and W,, do no 
work, M does positive work, and W- does negative work. When pulley B rotates 


2a rad 
03 = (5 rev)( ae 


)- 107 rad, the wheel rotates through an angle of 


0.25 
04 oo OB ( (40%) = 47. Thus, the crate displaces upwards through a 
rA 0.625 


distance of sc = rc 04 = 0.375(4a7) = 1.5a ft. Thus, the work done by M and W, is 
Uy = M@z = 50(1077) = 5007 ft-lb 
Uw, = —Wesc = —200(1.57) = —3007 ft: Ib 


Principle of Work and Energy: 


Ty 4 DU 4-2 = T> 


0 + [500 — 300s] = 0.6308 


w = 31.56 rad/s 


Vc = 31.56(0.375) = 11.8 ft/st 
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*18-20. The 30-lb ladder is placed against the wall at an 
angle of @ = 45° as shown. If it is released from rest, 
determine its angular velocity at the instant just before 
6 = 0°. Neglect friction and assume the ladder is a uniform 
slender rod. 


Kinetic Energy and Work: Referring to Fig. a, 


(VG)2 = 2FGic = ©2(4) 


The mass moment of inertia of the ladder about its mass center is 


1 / 30 
( \(e) = 4,969 slug - ft”. Thus, the final kinetic energy is 


~ 12 \322 


1 1 
T, = 3 m(va)2” + 7 Fawr" 


= +(S)le: (4) + 5 (4.969)02” 


= 9.938w," 


Since the ladder is initially at rest, 7, = 0. Referring to Fig. b, N, and Np do no 
work, while W does positive work. When 6 = 0°, W displaces vertically through a 
distance of h = 4 sin 45° ft = 2.828 ft. Thus, the work done by W is 


Uw = Wh = 30(2.828) = 84.85 ft: lb 
Principle of Work and Energy: 
T, + 2U\_2 = T 
0 + 84.85 = 9.938," 


@2 = 2.92 rad/s 
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e18-21. Determine the angular velocity of the two 10-kg 
rods when 6 = 180° if they are released from rest in the 
position 6 = 60°. Neglect friction. 


Kinetic Energy and Work: Due to symmetry, the velocity of point B is directed along 
the vertical, as shown in Fig. a. Also, (@,g)2 = (@gc)2 = @2 and 


(ve,,)2 = (Vepe)2 = (Vg)2. Here, (vg)2 = @2rGjic = @2(1.5). The mass moment of 
inertia of the rods about’ their respective mass_ centers is 


1 
me? = D (10)(37) = 7.5kg+m?. Thus, the final kinetic energy is 
T, = (Taz)2 + (Txc)2 


Ht 1 
= 215 m(vg)22 =p 4 Ioo2*| 


= a5 (10)| (1.5)? + 573) | 


= 3007 


Since the system is initially at rest, 7, = 0. Referring to Fig. b, N does no work, while 
W does positive work. When 6 = 180°, W displaces vertically downward through a 
distance of h = 1.5 cos 30° = 1.2990 m. Thus, the work done by W is 


Uw = Wh = 10(9.81)(1.2990) = 127.44 J 


Principle of Work and Energy: 
T, pm XU 1_> = T> 
0 + 2(127.44) = 300,” 


@2 = 2.91 rad/s 
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18-22. Determine the angular velocity of the two 10-kg 
rods when 6 = 90° if they are released from rest in the 
position 6 = 60°. Neglect friction. 


Kinetic Energy and Work: Due to symmetry, the velocity of point B is directed along 
the vertical, as shown in Fig. a. Also, (@,g)2 = (Wgc)2 = @2 and 


(ve,,)2 = (Vepe)2 = (¥g)2. From the geometry of this diagram, rgj;c = 1.5 m.Thus, 
(Vg)2 = @2Gjic = @2(1.5). The mass moment of inertia of the rod about its mass 


1 
center is 1g = 7 t)(3) = 7.5 kg+m”. Thus, the final kinetic energy is 
T, = (Taz)2 + (Txc)2 


1 1 
= 2 Som(voh” + ao. | 


- a5 (10)[09(1.5)P + £(73)02"| 


= 3007 


Since the system is initially at rest, 7, = 0. Referring to Fig. b, N does no work, while 
W does positive work. When @ = 90°, W displaces vertically downward through a 
distance of h = 1.5 cos 30° — 1.5 cos 45° = 0.2384 m. Thus, the work done by W is 


Uw = Wh = 10(9.81)(0.2384) = 23.38 J 
Principle of Work and Energy: 
T, + LU,» = T, 
0 + 2(23.38) = 30a? 


@ = 1.25 rad/s 
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18-23. If the 50-lb bucket is released from rest, determine 
its velocity after it has fallen a distance of 10 ft. The windlass 
A can be considered as a 30-Ib cylinder, while the spokes are 
slender rods, each having a weight of 2 lb. Neglect the 
pulley’s weight. 


Kinetic Energy and Work: Since the windlass rotates about a fixed axis, ve = wal 4 
v v 

or w,4 = £ = ae = 2vc. The mass moment of inertia of the windlass about its 

rA S 


mass center is 


At (os) 4 : ( ; \\ zs 075%) = 0.2614 slug: ft 


Thus, the kinetic energy of the system is 
T=T,+Tc 


1 1 
= hae + yimeve" 


1 > , Lf 50 2 
= ~(0. 
300 2614)(2vc)° + eae 


= 1.2992? 


Since the system is initially at rest, T; = 0. Referring to Fig. a, W,, A,, A,, and Rp 
do no work, while W, does positive work. Thus, the work done by W,, when it 
displaces vertically downward through a distance of sc = 10 ft, is 


Uw, 


Wesc = 50(10) = 500 ft-lb 


¢ 
Principle of Work and Energy: 
Ty + xU ies T> 
0 + 500 = 1.2992v,? 


Vo = 19.6 ft/s 
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*18-24. If corner A of the 60-kg plate is subjected to a 
vertical force of P = 500N, and the plate is released from 
rest when 6 = 0°, determine the angular velocity of the 
plate when 6 = 45°. 


Kinetic Energy and Work: Since the plate is initially at rest, 7, = 0. Referring to 
Fig. a, 


(VG)2 = @2IG/IC = w(1 COS 45°) = 0.707105 


The mass moment of inertia of the plate about its mass center is 


1 
tb?) = 55 (60)(1 + 1?) = 10kg+m’. Thus, the final kinetic 


energy is 


1 1 
T, = 7 mva)a” an 7 Fawr? 


1 i} 
a m(60)(0.7071w>)? + 7 LO )eo2? 


= 20w,? 


Referring to Fig. b, N, and Np do no work, while P does positive work, and W does 
negative work. When 6 = 45°, W and P displace upwards through a distance of 
h = 1 cos 45° — 0.5 = 0.2071 m and sp = 2(1 cos 45°) — 1 = 0.4142 m. Thus, the 
work done by P and W is 


Up = Psp = 500(0.4142) = 207.115 

Uw = —Wh = —60(9.81)(0.2071) = —121.90 J 
Principle of Work and Energy: 

T, + LU, =T, 

0 + [207.11 — 121.90] = 20w,7 


@2 = 2.06 rad/s 


|Cos45°m 
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e18-25. The spool has a mass of 100 kg and a radius of 
gyration of 400 mm about its center of mass O. If it is released 
from rest, determine its angular velocity after its center O has 
moved down the plane a distance of 2 m. The contact surface 
between the spool and the inclined plane is smooth. 


Kinetic Energy and Work: Referring to Fig. a, 
Vo = @FO/IC = (0.3) 


The mass moment of inertia of the spool about its mass center is 
Io = mk? = 100(0.47) = 16 kg- m”. Thus, the final kinetic energy of the spool is 


1 1 
P= znvo" + low 


i 1 
= 5(100)[0(0.3)P + 5(16)w? 


= 12.50? 


Since the spool is initially at rest, 7, = 0. Referring to Fig. b, T and N do no work, 
while W does positive work. When the center of the spool moves down the 
plane through a distance of so =2m, W displaces vertically downward 
h = so cos 45° = 2 cos 45° = 1.4142 m. Thus, the work done by W is 


Uw = Wh = 100(9.81)(1.4142) = 1387.34 N 
Principle of Work and Energy: 
T, + LU,» =T, 
0 + 1387.34 = 12.5w° 


w = 10.5 rad/s 


lOpe 
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18-26. The spool has a mass of 100 kg and a radius of 
gyration of 400 mm about its center of mass O. If it is 
released from rest, determine its angular velocity after its 
center O has moved down the plane a distance of 2 m. The 
coefficient of kinetic friction between the spool and the 
inclined plane is uw, = 0.15. 


Kinetic Energy and Work: Referring to Fig. a, 
Vo > @ro/IC = (0.3) 


The mass moment of inertia of the spool about its mass center 
Io = mko? = 100(0.47) = 16 kg-m”. Thus, the kinetic energy of the spool is 


1 
T= zo" + low" 


= 3(100)[ (0.3) + 3(16)e? 


= 12.50? 


Since the spool is initially at rest, 7, = 0. Referring to Fig. b, T and N do no work, 
while W does positive work, and F, does negative work. Since the spool slips at the 
contact point on the inclined plane, Fy = u,N = 0.15N, where N can be obtained 
using the equation of motion, 


DFy = m(a,)y;  N — 100(9.81) cos 45° = 0 N = 693.67 N 


Thus, Fy = 0.15(693.67) = 104.05 N. When the center of the spool moves down the 


inclined plane through a distance of so = 2m, W displaces vertically downward 
h = so sin 45° = 2sin 45° = 1.4142 m. Also, the contact point A on the outer rim of 


w=/00(981)N 


TA/IC 


0.9 
)so =) 32) = 6m, Fig. a. Thus, the 


the spool travels a distance of s4 = ( 


TO/IC 
work done by W and F;is 


Uy = Wh = 100(9.81)(1.4142) = 1387.34 J 

Up, = —Fysa = —104.05(6) = —624.30J 
Principle of Work and Energy: 

T, + LU,» = T) 

0 + [1387.34 — 624.30] = 12.5w* 


w = 7.81 rad/s 
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18-27. The uniform door has a mass of 20 kg and can be 
treated as a thin plate having the dimensions shown. If it is 
connected to a torsional spring at A, which has a stiffness of 
k = 80 N:m/rad, determine the required initial twist of the 
spring in radians so that the door has an angular velocity of 
12 rad/s when it closes at @ = 0° after being opened at 
6 = 90° and released from rest. Hint: For a torsional spring 
M = k6, when k is the stiffness and 6 is the angle of twist. 


T, te XU 4-5 = T> 


00+ F 
O+ | 800 dé = |3 (20)(0)" a2) 
90 


40| (00 +57 - a] = 307.2 


O89 = 1.66 rad 
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*18-28. The 50-lb cylinder A is descending with a speed of 

20 ft/s when the brake is applied. If wheel B must be brought 

to a stop after it has rotated 5 revolutions, determine the 0.375 ttf 
constant force P that must be applied to the brake arm. The 

coefficient of kinetic friction between the brake pad C and 

the wheel is uw, = 0.5. The wheel’s weight is 25 Ib, and the 

radius of gyration about its center of mass is k = 0.6 ft. 


Equilibrium: Referring to Fig. a, we have 


G+ZMp = 0; Nc(1.5) — 0.5N¢(0.5) — P(4.5) = 0 


Ne = 3.6P 


v 
Kinetic Energy and Work: Since the wheel rotates about a fixed axis, (wg); = (ah 
lA 
20 
= 0375 ~ 53.33 rad/s. The mass moment of inertia of the wheel about its mass 
25 


teris 7, = = 
center is /p = mp 322 


(0.67) = 0.2795 slug - ft”. Thus, the initial kinetic energy 


of the system is 


T, = (Ta) + Tah 


C4 DI; 


1 1 
= 3 malva)i + zl a(@ni 


ate ret | 


— 


: (5) + $(0.2795)(53.33") 


= 708.07 ft-lb 


Since the system is brought to rest, T, = 0. Referring to Fig. b, B,, B,. W,, and No 
do no work, while W, does positive work, and F;does negative work. When wheel B 
rotates through the angle 6 = (5 rey (774) = 107rad, W, displaces 
S4 = r40 = 0.375(1077) = 3.7577 ft vertically downward, and the contact point C on 
the outer rim of the wheel travels a distance of sc = rg = 0.75(1077) = 7.57. Thus, 


the work done by W, and F,is 


Uw, = Wasa = 50(3.75ar) = 187.57 ft Ib 


Up, = —Fy8c = -1.8P(7.51) = —13.50P inner 
L=3. 


Principle of Work and Energy: 
R= 05G-6P)=/6P 

T, a XU 1_» = T> 

708.07 + [187.57 — 13.57P] = 0 


P = 30.6 Ib 
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e18-29. Whena force of P = 30 lb is applied to the brake 

arm, the 50-lb cylinder A is descending with a speed of 

20 ft/s. Determine the number of revolutions wheel B will 0.375 ft 
rotate before it is brought to a stop. The coefficient of 

kinetic friction between the brake pad C and the wheel is 

by, = 0.5. The wheel’s weight is 25 Ib, and the radius of 

gyration about its center of mass is k = 0.6 ft. 


Equilibrium: Referring to Fig. a, 


G+EMp = 0; N¢(1.5) — 0.5N¢(0.5) — 30(4.5) = 0 
Nc = 108 Ib 


Kinetic Energy and Work: Since the wheel rotates about a fixed axis, (wg); 
(va) 20 
rA 0.375 


53.33 rad/s. The mass moment of inertia of the wheel about its 


25 
32.2 


(0.67) = 0.2795 slug: ft. Thus, the initial kinetic 


mass center is 1, = mpgk? = 


energy of the system is 
T, = (Ta) + (T3)1 


1 1 
= 5 ma(va)t + ais (wp)i 


. ( )" *(0.2795)(53.33°) 


= 708.07 ft-lb 


Since the system is brought to rest, 7, = 0. Referring to Fig. b, B,, B,, W,,, and No 
do no work, while W , does positive work, and F, does negative work. When wheel B 
rotates through the angle 6, W,, displaces 54 = r40 = 0.3750 and the contact point 
on the outer rim of the wheel travels a distance of sc = rg 0 = 0.750. Thus, the work 
done by W,, and F, are 


Uy, = Wasa = 50(0.3750) = 18.750 


Up, = —Fysc = —0.5(108)(0.758) = —40.50 


Principle of Work and Energy: a kG OB) = SF Ib 


Ty + DU 4-2 = T> \ : N.=/08/6b 
708.07 + [18.756 — 40.50] = 0 


0 = 32.55 rea( =) = 5.18 rev 


T 
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18-30. The 100-lb block is transported a short distance by 
using two cylindrical rollers, each having a weight of 35 Ib. If 
a horizontal force P = 25 Ib is applied to the block, 

determine the block’s speed after it has been displaced 2 ft 1.5 ft 

to the left. Originally the block is at rest. No slipping occurs. 


T, + DU 4-2 — T> 


1) = (39 )omr «A S(as)(2) Ge \(2)] 


vp = 5.05 ft/s Ans, 


/0olb 


18-31. The slender beam having a weight of 150 lb is 
supported by two cables. If the cable at end B is cut so that 
the beam is released from rest when 6 = 30°, determine the 
speed at which end A strikes the wall. Neglect friction at B. 


In the final position, the rod is in translation since the IC is at infinity. 


Ti 5 Uy» = T> 


1 / 150 
0 + 150(2.5 — 1.75) = ( ra 


4309 


VEs=- VA 6.95 ft/s 


35 

S=/J5ft 
Lnitial Position - 
Final Position 
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*18-32. The assembly consists of two 15-lb slender rods 
and a 20-lb disk. If the spring is unstretched when 6 = 45° 
and the assembly is released from rest at this position, 
determine the angular velocity of rod AB at the instant 
0 = 0°. The disk rolls without slipping. 


bA 
T, + 3Uip=T; Sis 
k =4 lb/ft 


[0 + O] + 2(15)(1.5) sin 45° — 5 (4)[6 — 2(3) cos 45°? = | 


@,p = 4.28 rad/s 


I5 Ib IS Ib 


18-33. The beam has a weight of 1500 lb and is being 
raised to a vertical position by pulling very slowly on its 
bottom end A. If the cord fails when 6 = 60° and the beam 
is essentially at rest, determine the speed of A at the instant 
cord BC becomes vertical. Neglect friction and the mass of 
the cords, and treat the beam as a slender rod. 
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18-34. The uniform slender bar that has a mass m and a 
length L is subjected to a uniform distributed load wo, 
which is always directed perpendicular to the axis of the 
bar. If the bar is released from rest from the position shown, 
determine its angular velocity at the instant it has rotated 
90°. Solve the problem for rotation in (a) the horizontal 
plane, and (b) the vertical plane. 


a) Ti at XU 4_5 = T> 


[0] + i : | Ge dx)(x d0) = 5( mt? )o? 


3 woL? i eee 
do = —mL 
i 7 0 Pe 


1 
) = gnee 


3a [ Wo 
—| — Ans. 
2\m a 


Note: The work of the distributed load can also be determined from its resultant. 


18-35. Solve Prob. 18-5 using the conservation of energy 
equation. 


Datum at lowest point. 


T, +V,=7T,+ V2 


0 + 50(9.81)(1.25) = = [50(1.75)?|o? + 0 


w = 2.83 rad/s 
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*18-36. Solve Prob. 18-12 using the conservation of 
energy equation. 


Datum at lowest point through G. 


T,+Vi=T.+V> 
0 + 60(9.81)(s sin 30°) = = [60(0.3)7](6)? + 5 (60){(0.3)(6)? +0 


s = 0.661 m 


U=lTeitc 
=0:3W) 


018-37. Solve Prob. 18-32 using the conservation of 
energy equation. 


Datum at lowest point. 
Ty + Vi => T> + V2 


0 + 2[15(1.5 sin 45°)] = 25 G( 


15 


32.2 


Jer o%e| + 5 (4)[6 — 23cos 45°) +0 © k =4 lb/ft 


@,p = 4.28 rad/s Ans. 


Y, =p he 
=3 46 
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18-38. Solve Prob. 18-31 using the conservation of energy 
equation. 
Ty + Vi = T> + V2 


0 + 150(2.5) = +(e a + 150(1.75) 


VG > 6.95 ft/s 
Since the rod is in translation at the final instant, then 


VA > 6.95 ft/s 


18-39. Solve Prob. 18-11 using the conservation of energy 
equation. 


Datum at A. 


T, + V,=T7.+ V2 


0 + 150(1.5) = +a le + + (3 sey +0 


w = 5.117 rad/s 


Time to fall: 


S = Sp + Vot + 5a, 0? 


1 
30 = 0 + 1.5(5.117)t + 3 32.2)0° 


Choosing the positive root: t = 1.147s 
La 3 
0 = 0) + wot + 5 et 


6 = 0 + 5.117(1.147) + 0 = 5.870 rad = 0.934 rev. 


754 


91962_08_s18_p0725-0778 6/8/09 4:21 PM Page 755 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*18-40. At the instant shown, the 50-lb bar rotates 
clockwise at 2 rad/s. The spring attached to its end always 
remains vertical due to the roller guide at C. If the spring 
has an unstretched length of 2 ft and a stiffness of 
k = 61b/ft, determine the angular velocity of the bar the 
instant it has rotated 30° clockwise. 


Datum through A. 


T, + Vi, =T7.+ V2 


(Borer tou tLe} 


t 5 (6)(7 — 2) — 50(1.5) 


w = 2.30 rad/s 


Gsin30°= 3ft 


018-41. At the instant shown, the 50-lb bar rotates 
clockwise at 2 rad/s. The spring attached to its end always 
remains vertical due to the roller guide at C. If the spring has 
an unstretched length of 2 ft and a stiffness of k = 12 Ib/ft, 
determine the angle 0, measured from the horizontal, to 
which the bar rotates before it momentarily stops. 


T, + V,=T2.+ V2 


3|3 (33) ler 5 (124 2? =04 5 (12)(4 + 6sin@ — 2)° — 50(3 sin 6) 


61.2671 = 24(1 + 3sin @)* — 150sin@ 
37.2671 = —6 sin 6 + 216 sin’ 6 
Set x = sin 6, and solve the quadratic equation for the positive root: 
sin 6 = 0.4295 


6 = 25.4° 
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18-42. A chain that has a negligible mass is draped over the 
sprocket which has a mass of 2 kg and a radius of gyration of 
ko = 50 mm. If the 4-kg block A is released from rest from 
the position s = 1 m, determine the angular velocity of the 
sprocket at the instant s = 2 m. 


T, +V,=7T,+ V2 


0+0+0= 5 (4)(0.1 w)? + 5 [2(0.05)"]u” — 4(9.81)(1) 


w = 41.8 rad/s 


18-43. Solve Prob. 18-42 if the chain has a mass per unit 
length of 0.8 kg/m. For the calculation neglect the portion of 
the chain that wraps over the sprocket. 


T, +V,=7T,+ V2 


0 — 4(9.81)(1) — 2[0.8(1)(9.81)(0.5)] = 5 (4)(0.1 w) + 5 [2(0.05)? 0? 


£ 5 (0.8)(2)(0.1 w)? — 4(9.81)(2) — 0.8(2)(9.81)(1) 


w = 39.3 rad/s 


AG.B1) N 
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*18-44, The system consists of 60-Ib and 20-Ib blocks A and 
B, respectively, and 5-lb pulleys C and D that can be treated 
as thin disks. Determine the speed of block A after block B 
has risen 5 ft, starting from rest. Assume that the cord does 
not slip on the pulleys, and neglect the mass of the cord. 


Kinematics: The speed of block A and B can be related using the position 
coordinate equation. 


sa + 2sp=l (1) 
As, + 2Asgp=0 As,t+2(5)=0 As, = —10ft = 10ftl 
Taking time derivative of Eq. (1), we have 
v,+2ug=0 vg = —05vy4 


Potential Energy: Datum is set at fixed pulley C. When blocks A and B (pulley D) are 
at their initial position, their centers of gravity are located at s, and sp. Their initial 
gravitational potential energies are —60s 4, —20sg, and —5sg. When block B (pulley 
D) rises 5 ft, block A decends 10 ft. Thus, the final position of blocks A and B (pulley 
D) are (s,4 + 10) ft and (sg — 5) ft below datum. Hence, their respective final 
gravitational potential energy are —60(s,4 + 10), —20(sg — 5), and —S(spz — 5). 
Thus, the initial and final potential energy are 


Vy = 60s 4 208 55p = 60s 4 258R 


V> = 60(s54 t 10) 20(sg 5) 5(sB 5) = 60s 4 2553R 475 


Kinetic Energy: The mass moment inertia of the pulley about its mass center is 


Lf oS 
Ig = 7 (=35)(os" = 0.01941 slug: ft?. Since pulley D rolls without slipping, 


UB UB 
ae 0.5 
D . 
Vv UV 
hence wc = A= es = 2v,. Since the system is at initially rest, the initial kinectic 
'c . 
energy is T, = 0. The final kinetic energy is given by 


2ug = 2(—0.5v,y4) = —vy. Pulley C rotates about the fixed point 


_1/60\, , 1/20 -41(5) ; 
+(SS)e (3) O5uay + 5 | 379 )(-05¥a) 


+ 5 (0.01941)(—v4)? + 5 (0.01941)(204) 


= 1.0773v% 
Conservation of Energy: Applying Eq. 18-19, we have 
T, oF Vi ime T> *F V> 


0 + (—60s, — 25s,) = 1.0773v%, + (—60s, — 25s 


vs = 21.0 ft/s 
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018-45. The system consists of a 20-lb disk A, 4-lb slender 
rod BC, and a 1-lb smooth collar C. If the disk rolls without 
slipping, determine the velocity of the collar at the instant 
the rod becomes horizontal, i.c., 9 = 0°. The system is 
released from rest when 6 = 45°. 


T, +V,=7T,+ V2 


0 + 4(1.5 sin 45°) + 1(3 sin 45°) = Ai(ss)er|(Ce) ( aa) 


vo = 13.3 ft/s 
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18-46. The system consists of a 20-lb disk A, 4-lb slender 
rod BC, and a 1-lb smooth collar C. If the disk rolls without 
slipping, determine the velocity of the collar at the instant 
6 = 30°. The system is released from rest when 6 = 45°. 


VB 0.804 


—_ VB Ve _ VG 
OBE 5 = Fa0R TS 


VB = VE 1.5@p¢ Vo = 2.5980 pc 


oO, — 1.875 WBC 
T, oe Vi = T> F V> 
0 + 4(1.5 sin 45°) + 1(3 sin 45°) 


= 4 3( 2 cosy |e s7500) + (Bas pc)? 


BE) Jobe + UE) -se 0” 


1/1 
(5) 2598050) + 4(1.5 sin 30°) + 1(3 sin 30°) 


gc = 1.180 rad/s 


ve = 2.598(1.180) = 3.07 ft/s 
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18-47. The pendulum consists of a 2-lb rod BA and a 6-lb 
disk. The spring is stretched 0.3 ft when the rod is horizontal 
as shown. If the pendulum is released from rest and rotates 
about point D, determine its angular velocity at the instant 
the rod becomes vertical. The roller at C allows the spring to 
remain vertical as the rod falls. 


Potential Energy: Datum is set at point O. When rod AB is at vertical position, its 
center of gravity is located 1.25 ft below the datum. Its gravitational potential energy 
at this position is — 2(1.25) ft-lb. The initial and final stretch of the spring are 0.3 ft 
and (1.25 + 0.3) ft = 1.55 ft, respectively. Hence, the initial and final elastic 


1 1 
potential energy are 3 (2)(0.37) = 0.09 Ib: ft and 5 (2)(1-55") = 2.4025 Ib: ft. Thus, 


V, = 0.09 lb- ft V2 = 2.4025 + [—2(1.25)] = —0.0975 lb: ft 
Kinetic Energy: The mass moment inertia for rod AB and the disk about point O are 


i ae) 2 
I = 27) 4 1.257) = 0.1178 slug: ft’ 
(Zao alas) ) Ga ) ae 


_1/_6 2) = 2 
Up)o = At e528 ) = 0.005823 slug - ft 


Since rod AB and the disk are initially at rest, the initial kinetic energy is T; = 0. 
The final kinetic energy is given by 


1 1 
T, = 3 (Las)o wo + oy (Ip)ow 


1 1 
= 300.1178) w + a (0.005823) w* 


= 0.06179 w* 
Conservation of Energy: Applying Eq. 18-19, we have 
T, + Vi, =T2+ V2 
0 + 0.09 = 0.06179 w* + (—0.0975) 


w = 1.74 rad/s 
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*18-48. The uniform garage door has a mass of 150 kg and 
is guided along smooth tracks at its ends. Lifting is done using 
the two springs, each of which is attached to the anchor 
bracket at A and to the counterbalance shaft at B and C. As 
the door is raised, the springs begin to unwind from the shaft, 
thereby assisting the lift. If each spring provides a torsional 
moment of M = (0.70) N-m, where @ is in radians, 
determine the angle 6) at which both the left-wound and 
right-wound spring should be attached so that the door is 
completely balanced by the springs, i.e., when the door is in 
the vertical position and is given a slight force upwards, the 
springs will lift the door along the side tracks to the horizontal 
plane with no final angular velocity. Note: The elastic potential 
energy of a torsional spring is V, = 5k6?, where M = k@ and 
in this case k = 0.7 N: m/rad. 


Datum at initial position. 


T, +V,=7T,+ V2 


0+ 2150.7 | + 0 = 0 + 150(9.81)(1.5) 


0) = 56.15 rad = 8.94 rev. 
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°18-49. The garage door CD has a mass of 50 kg and can be 
treated as a thin plate. Determine the required unstretched 
length of each of the two side springs when the door is in the 
open position, so that when the door falls freely from the open 
position it comes to rest when it reaches the fully closed position, 
ie., when AC rotates 180°. Each of the two side springs has a 
stiffness of k = 350 N/m. Neglect the mass of the side bars AC. 


T, +V,=7T,+ V2 


0+ 25 (350) = Oe a5 (350)(x1 + 1)? |-50(9.81)(1) 


x; = 0.201m 


Ig = 0.5m — 0.201 m = 299 mm 


50(9.81) N 
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18-50. The uniform rectangular door panel has a mass of 
25 kg and is held in equilibrium above the horizontal at the 
position 6 = 60° by rod BC. Determine the required 
stiffness of the torsional spring at A, so that the door’s 
angular velocity becomes zero when the door reaches the 
closed position (6 = 0°) once the supporting rod BC is 
removed. The spring is undeformed when @ = 60°. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the panel at positions (1) and (2) is 


(V.)1 = W(a)1 = 25(9.81)(0.6 sin 60°) = 127.44 J 

(Ve)o = W(ya)2 = 25(9.81)(0) = 0 
Since the spring is initially untwisted, (V,); = 0.The elastic potential energy of the 
spring when 0 = 60° = 3 rad is 


a 


T 2 
Von = 5k? = 5 0(Z] == 


Thus, the potential energy of the panel is 


Vi = (V,)1 + (Ve), = 127.44 + 0 = 127.44) 


2 2 


T 
V2= (Vt Ve = 04+ Bho es 


Kinetic Energy. Since the rod is at rest at position (1) and is required to stop when it 
is at position (2),T, = T, = 0. 


Conservation of Energy. 


T, + V, =7T.+ V2 


aq 


0+ 12744 =0 4 k 
18 


k = 232N:m/ rad 
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18-51. The 30 kg pendulum has its mass center at G anda 
radius of gyration about point G of kg = 300 mm. If it is 
released from rest when 6 = 0°, determine its angular 
velocity at the instant 6 = 90°. Spring AB has a stiffness of 
k = 300 N/m and is unstretched when @ = 0°. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential \ 
energy of the pendulum at positions (1) and (2) is 


(Ve)i = Wve) = 309.81)(0) = 0 
(Ve)2 = —W(ve)2 = —30(9.81)(0.35) = —103.005 J 


Since the spring is unstretched initially, (V.); = 0. When 6 = 90°, the spring 
stretches s = AB — A'’B = V0.45? + 0.67 — 0.15 = 0.6 m. Thus, 


1 1 
(Vela = 5 ks = 3 (300)(0.6°) = 54) 


(Ve) =0 


(V.)2 = —103.005 + 54 = —49.005 J 


Kinetic Energy: Since the pendulum rotates about a fixed axis, vg = wrg = w(0.35). 
The mass moment of inertia of the pendulum about its mass center is 
Ig = mkg? = 30(0.3”) = 2.7kg-m”. Thus, the kinetic energy of the pendulum is 


1 1 
T = 3 Ma t51law 


= 3(30)[0(0.35)P + 32D? = 3.18750” 


Conservation of Energy: 
Ty + Vi = T> + V2 
0 + 0 = 3.1875w* — 49.005 


w = 3.92 rad/s 


ae OSS 
SSSI MOPED STELLA OA 
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*18-52. The 50-lb square plate is pinned at corner A and 
attached to a spring having a stiffness of k = 20 lb/ft. If the 
plate is released from rest when 6 = 0°, determine its 
angular velocity when 6 = 90°. The spring is unstretched 
when 0 = 0°. 


Potential Energy: With reference to the datum shown in Fig. a, the gravitational 
potential energy of the plate at position (1) and (2) is 


(Ve)i = W(yg)1 = 50(0) = 0 


(Ve)2 = —W(yg)2 = —50(1 cos 45°) = —35.36 lb: ft 


Since the spring is initially unstretched, (V,); = 0. When the plate is at position (2), 
the spring stetches s = BC — B'C = 2[1 cos 22.5°] — 2(1 cos 67.5°) = 1.082 ft. 
Therefore, 


ess, ‘ 
(Ve)2 = 5 ks? = 5(20)(1.0827) = 11.72 Ib- ft 


(V.) =0+0=0 


(V.). = —35.36 + 11.72 = —23.64 ft Ib 


Kinetic Energy: Since the plate rotates about a fixed axis passing through point A, 


Pere ; 1 
its kinetic energy can be determined from T = at 4, where 


150 ire oie. 50 ra : 
a =(35) ! 1’) 302 (1 cos 45°)* = 1.035 slug: ft 


Thus, 


1 1 
Pesala wo = . (1.035)w* = 0.5176w" 


Since the plate is initially at rest T; = 0. 
Conservation of Energy: 

T, + Vi, =T2+ V2 

0 + 0 = 0.5176a* — 23.64 


w = 6.76 rad/s 
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¢18-53. A spring having a stiffness of k = 300 N/m is 
attached to the end of the 15-kg rod, and it is unstretched 
when @ = 0°. If the rod is released from rest when @ = 0°, 
determine its angular velocity at the instant 6 = 30°. The 
motion is in the vertical plane. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the rod at positions (1) and (2) is 


= W(yo)1 = 15(9.81)(0) = 0 


= —W(yg)2 = —15(9.81)(0.3 sin 30°) = —22.0725 J 


Since the spring is initially unstretched, (V,); = 0. When 6 = 30°, the stretch of the 
spring is sp = 0.6 sin 30° = 0.3 m. Thus, the final elastic potential energy of the 
spring is 


(V.)2 = 5 ksp? = 3(300)(0.3") = 13.5J 


Vi = (Veh + Ve 


V2 = (V_)2 + (Ve)z = —22.0725 + 13.5 = -8.5725 J 


Kinetic Energy: Since the rod is initially at rest, 7, = 0. From the geometry shown in 
Fig. b, rgjrc = 0.3 m. Thus, (Vg) = @2rGjic = 2 (0.3).The mass moment of inertia 


1 1 
of the rod about its mass center is Ig = rs me? = p!5)(0.6) = 0.45 kg: m?. Thus, 


the final kinetic energy of the rod is 
1 1 
Tyr m(vg)27 + 5 Ig" 


3(15)[oox(0.3)P + 5 (0.45) 2” 
= 0.9," 
Conservation of Energy: 
T, + V, =T)+ V2 
0 + 0 = 0.90? — 8.5725 


@) = 3.09 rad/s 
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18-54. If the 6-kg rod is released from rest at @ = 30°, 
determine the angular velocity of the rod at the instant 
6 = 0°. The attached spring has a stiffness of k = 600 N/m, 
with an unstretched length of 300 mm. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the rod at positions (1) and (2) is 


(Ve): = —W(ycG) = —6(9.81)(0.15 sin 30°) = —4.4145 J 
(V,)> = W(va)2 = 6(9.81)(0) = 0 


The stretch of the spring when the rod is in positions (1) and (2) is 
1 = BIC — ly = V0.3? + 0.42 — 2(0.3)(0.4) cos 120° — 0.3 = 0.3083 m and 


85 = BC — ly = V0.3? + 0.47 — 0.3 = 0.2m. Thus, the initial and final elastic 
potential energy of the spring is 


1 
5(600)(0.30837) = 28.510 


1 
5 (600)(0.27) = 125 


(V.)) = —4.4145 + 28.510 = 24.096 J 


V2 =(Vz)o + (Ven = 0+ 12 = 12) 


Kinetic Energy: Since the rod rotates about a fixed axis passing through point B, its 


1 
kinetic energy can be determined from T = 3 I gw”, where 


5(6)(07?) + 6(0.157) = 0.38 kg- m? 


a 
Bu 4 


1 1 
T= 3 Lae = 70:38) 0° = 0.190" 


Since the rod is initially at rest, 7, = 0. 
Conservation of Energy: 
T, F Vi = T> + V2 


0 + 24.096 = 0.19%? + 12 


w = 7.98 rad/s 
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18-55. The 50-kg rectangular door panel is held in the 
vertical position by rod CB. When the rod is removed, the 
panel closes due to its own weight. The motion of the panel 
is controlled by a spring attached to a cable that wraps 
around the half pulley. To reduce excessive slamming, the 
door panel’s angular velocity is limited to 0.5 rad/s at the 
instant of closure. Determine the minimum stiffness k of 
the spring if the spring is unstretched when the panel is in 
the vertical position. Neglect the half pulley’s mass. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the door panel at its open and closed positions is 


(Ve)i = Wa) = 50(9.81)(0.6) = 294.3 J 


(V.)o = W(va)2 = 50(9.81)(0) = 0 


Since the spring is unstretched when the door panel is at the open position, 


(V.); = 0. When the door is closed, the half pulley rotates through and angle of 


()=0-6n 


7 


= 3 rad. Thus, the spring stretches s = r@ = 0.13(4) = 0.0757 m. Then, 


1 1 
(V.)2 = 5 ks’ = 5 k(0.07Sm)" = 0.002812577 k 


Vi = (Vg)i + Vey = 294.3 + 0 = 294.3 J 


V2 = (Vg)2 + (Velo = 0 + 0.0028125a7k = 0.0028125a7k 


Kinetic Energy: Since the door panel rotates about a fixed axis passing through 


1 
point A, its kinetic energy can be determined from T = 2 I, w*, where 


I,= = (50)(1.2") + 50(0.67) = 24 kg: m? 


1 1 
cS, Iw” = 5 (24)w” = 120° 


Since the door panel is at rest in the open position and required to have an angular 
velocity of w = 0.5 rad/s at closure, then 

T, = 0 Ty = 12(0.57) = 3] 
Conservation of Energy: 


T, + V,=7T.+ V2 


0 + 294.3 = 3 + 0.002812577k 


k = 10494.17 N/m = 10.5kN/m 
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*18-56. Rods AB and BC have weights of 15 Ib and 30 lb, 
respectively. Collar C, which slides freely along the smooth 
vertical guide, has a weight of 5 lb. If the system is released 
from rest when 6 = 0°, determine the angular velocity of 
the rods when 6 = 90°. The attached spring is unstretched 
when 6 = 0°. 


Ko). 6 


7 
NC 


Ks 


NNXNNNN 


k = 201b/ft 


5 
Potential Energy: From the geometry in Fig. a, 0 = sin! (=) = 30°. With 


reference to the datum, the initial and final gravitational potential energy of the 
system is 


= Was (Yar) — Wac (Ya2)1 — We (Ye3)1 


15(0) — 30(1.5 cos 30°) — 5(3 cos 30°) 
—51.96 ft+ 1b 

= —Wasp (Ya1)2 — Wac (Ye2)2 — We (vas)2 
—15(0.75) — 30(3) — 5(4.5) 


—123.75 ft-lb 


Since the spring is initially unstretched, (V.); = 0. When 6 = 90°, the spring 
stretches s = 4.5 — 3 cos 30° = 1.902 ft. Thus, 


ewe | ‘ 
(Veo = 5 ks* = 5 (20)(1.902") = 36.17 ft- Ib 


(V,), = —51.96 + 0 = —51.96 ft Ib 


(V.)2 = —123.75 + 36.17 = —87.58 ft-lb 


Kinetic Energy: Since the system is initially at rest T; = 0. Referring to Fig. b, 


(Vg)2 = (@4p)21R = (W4B)2(1-5). Then (wgc)2 om (@aa)2(1-5) = 0.5(@ 48) 


769 


91962_08_s18_p0725-0778 6/8/09 4:28 PM Page 770 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*18-56. Continued 


Subsequently, (VG2)2 = (@gc)2 'G2/IC a 0.5(@ 4z)2(1.5) a 0.75(@ 4R)2- Since point Cc 
is located at the IC, vc = 0. The mass moments of inertia of AB about point A and 


Hl apres Lif AD Vie ht j 
zim (Sas) 0.3494 slug/ft 


BC about its mass center are ([4g),4 = 


12 12 \32.2 
energy of the system is 


1 1 / 30 
and (Igc)q. = — ml = ( )e) = 0.6988 slug/ft?. Thus, the final kinetic 


Tz =Tapt+Tpct+ Te 


2 


1 1 1 1 
=A (Lap) (@ag)2” + E mpc (Vq2)” + > Usc)a2 (onc at 9 Mc Ve 


5 (0.3494) 49)2” + E (3 )lo7steasP + + (0.6988)[0.5(04»)2)”| +0 


0.5241(w4p)27 
Conservation of Energy: 
T,; + V, =T.+ V2 
0 — 51.96 = 0.5241(w4,)07 — 87.58 


(w4p)2 = 8.244 rad/s = 8.24 rad/s 


(wgc)2 = 0.5(8.244) = 4.12 rad/s 


¢18-57. Determine the stiffness k of the torsional spring at 
A, so that if the bars are released from rest when 0 = 0°, 
bar AB has an angular velocity of 0.5 rad/s at the closed 
position, 9 = 90°. The spring is uncoiled when @ = 0°. The 
bars have a mass per unit length of 10 kg/m. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the system at its open and closed positions is 


= Was (vat + Wac (Va2)1 
10(3)(9.81)(1.5) + 10(4)(9.81)(1.5) = 1030.5 J 


= Waa (Yai)2 + Wac (Va2)2 


10(3)(9.81)(0) + 10(4)(9.81)(0) = 0 


770 


91962_08_s18_p0725-0778 6/8/09 4:29 PM Page 771 fb 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


°18-57. Continued 


Since the spring is initially uncoiled, (V.); = 0. When the panels are in the closed 


position, the coiled angle of the spring is 6 = 5 rad. Thus, 


1 
Ve)2 = 5 kO = 
( e)2 2 6 


Vi = (Vz) + (V.)1 = 1030.5 + 0 = 1030.5 J 


2 ar 


T 
V2 = (Vg)o + (V2 = 04 eres 


Kinetic Energy: Since the system is initially at rest, T, = 0. Referring to Fig. b, 
v 1.5 

(vg)2 = (w4g)arp = 0.5(3) = 1.5 m/s. Then, (wgc)2 = (a) _ 15 _ 9475 rad/s. 
rejic 4 

Subsequently, (vg)2 = (wgc)21G21c = 0.375(2) = 0.75 m/s. The mass moments of 

inertia of AB about point A and BC about its mass center are 


(Lap)a = =m = 5 (10(3)1(5) = 90 kg-m? 


1 a 2) - a 
(aclea = zy mP = zy [10(4)](47) = 53.33 kgs m 


= 5(as)s (w4p)2” + E mpc(Vq2)” + 5 Uncen (onc2"| 


5(90)(0.5?) + E [10(4)](0.75?) + 3 (6333)(0375°)| 
26.25 J 


Conservation of Energy: 


T, + V, =7T.+ V2 


0 + 1030.5 = 26.25 + — 


k = 814N:m/rad 
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18-58. The torsional spring at A has a stiffness of 
k = 900 N- m/rad and is uncoiled when 6 = 0°. Determine 
the angular velocity of the bars, AB and BC, when 6 = 0°, if 
they are released from rest at the closed position, 6 = 90°. 
The bars have a mass per unit length of 10 kg/m. 


Potential Energy: With reference to the datum in Fig. a, the gravitational potential 
energy of the system at its open and closed positions is 


= Was (vai + Wac Yor) 
10(3)(9.81)(0) + 10(4)(9.81)(0) = 0 
= Was (yai)2 + Wac (Vea)2 
10(3)(9.81)(1.5) + 10(4)(9.81)(1.5) = 1030.05 J 


When the panel is in the closed position, the coiled angle of the spring is 0 = = rad. 


Thus, 


1 1 at \? 
= —k#* = — (900 = 112.57? 
(Ve) 5 6 5 (=) aw J 


The spring is uncoiled when the panel is in the open position (9 = 0°). Thus, 


(Ve)2 =0 
And so, 


Vi = (Vg) + V.)1 = 0 + 112.507 = 112.5077 J 


V2 = (Veo + (Ve)2 = 1030.05 + 0 = 1030.05 J 


Kinetic Energy: Since the panel is at rest in the closed position, 7; = 0. Referring to 
Fig. b, the IC for BC is located at infinity. Thus, 


(@gc)2 = 0 Ans. 
Then, 


(vg)2 = (Va)2 = (@aB)2%B = (@4B)2(3) 


The mass moments of inertia of AB about point A and BC about its mass center are 


Cas) = zn? - 5 (10(3)1(5) = 90 kg-m? 


= 1 2 1 2\ = 2 
(Laclea = zz mP = zz [104)](47) = 53.33 kg-m 


1 
= 3 Las) a(@as)2” + 2 mpc(VG2)” 


1 1 
5 00)(@an)a° + 5 [10(4)]| (oa8)2(3)P 
225(w4g)2° 
Conservation of Energy: 
T, +V,=T)+V> 
0 + 112.57? = 225(w4p)r” + 1030.05 


(@4B)2 = 0.597 rad/s 
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18-59. The arm and seat of the amusement-park ride have 
a mass of 1.5 Mg, with the center of mass located at point Gj. 
The passenger seated at A has a mass of 125 kg, with the 
center of mass located at G, If the arm is raised to a position 
where 6 = 150° and released from rest, determine the speed 
of the passenger at the instant @ = 0°. The arm has a radius of 
gyration of kg, = 12 m about its center of mass G;. Neglect 
the size of the passenger. 


Potential Energy: With reference to the datum shown in Fig. a, the gravitational 
potential energy of the system at position (1) and (2) is 


Y= (Ve)t = Wi(vei)1 + W2(Ye2) 


1500(9.81)(4 sin 60°) + 125(9.81)(20 sin 60°) 


72 213.53 J 
= (Ve)2 = —W1 (yai)2 — Wa (Yar)2 
= —1500(9.81)(4) — 125(9.81)(20) 
= —83 385 J 


Kinetic Energy: Since the arm rotates about a fixed axis passing through B, 
Vg = @rcg, = (4) and vg. = wrg, = (20). The mass moment of inertia of the 


arm about its mass center is 1g, = m,k2, = 1500(127) = 216 000 kg- m*. Thus, the 
kinetic energy of the system is 


1 1 1 
LS E m(ve)i> + Foxe r 3 72(Yen)” 


= 5 as00,[oP + 5 (216 000). + 5 (125)[(20)} 
= 145 0000" 


Since the system is initially at rest, 7, = 0. 


Conservation of Energy: (46,)=20Sin6o'm 
Ty + Vi cae T> aE V2 


= na - 
0 + 72 213.53 = 145 000w 83 385 41), =4Sin6o’m 
w = 1.0359 rad/s 


v = or = (1.0359 rad/s)(20 m) = 20.7 m/s 
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18-60. The assembly consists of a 3-kg pulley A and 10-kg 
pulley B. If a 2-kg block is suspended from the cord, 
determine the block’s speed after it descends 0.5 m starting 
from rest. Neglect the mass of the cord and treat the pulleys 
as thin disks. No slipping occurs. 


T, + V,=T7.+ V2 


[0] = + 4130.03) Jor - {5 (10)(0.1" [ub # 520)" — 2(9.81)(0.5) 


Vc = WB (0.1) = 0.03 WA 


() i 10 Vo 
w = 33.33Vv¢ 
Substituting and solving yields, 


vc = 1.52 m/s 


°18-61. The motion of the uniform 80-lb garage door is k = 91b/ft 
guided at its ends by the track. Determine the required 
initial stretch in the spring when the door is open, @ = 0°,so 
that when it falls freely it comes to rest when it just reaches 
the fully closed position, 6 = 90°. Assume the door can be 
treated as a thin plate, and there is a spring and pulley 
system on each of the two sides of the door. 


S4+2s,=1 


As, = —2As, 


8 ft = —2As, 
As, = —4 ft 


T, +V,=7T,+ V2 


0+ 2150)» | = 0 — 80(4) 2] Fd | 


9s? = —320 + 9(16 


Ss = 2.44 ft 


W=60 Ib 
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18-62. The motion of the uniform 80-lb garage door is k = 9 lb/ft 
guided at its ends by the track. If it is released from rest at TY 

6 = 0°, determine the door’s angular velocity at the instant 
6 = 30°. The spring is originally stretched 1 ft when the 
door is held open, 9 = 0°. Assume the door can be treated 
as a thin plate, and there is a spring and pulley system on 
each of the two sides of the door. 


Vg = 4 


sat 2s,=1 


As, = —2As, 


4ft = -2As, 
As, = —2 ft 


T, + V, =7T.+ V2 


0+ [Fay | = ; (3 oy : FF (Sor — 80(4 sin 30°) 


: 25 (9)(2 + | 


w = 1.82 rad/s 
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18-63. The 500-g rod AB rests along the smooth inner 
surface of a hemispherical bowl. If the rod is released from 
rest from the position shown, determine its angular velocity 
at the instant it swings downward and becomes horizontal. 


Select datum at the bottom of the bowl. 


0.1 
6 = sin! (3) = 30° 


h = 0.1 sin 30° = 0.05 
CE = V (0.2)? — (0.1)? = 0.1732 m 
ED = 0.2 — 0.1732 = 0.02679 


T, +V,=7T,+ V2 


0 + (0.5)(9.81)(0.05) = i]4 (0.5102) lop + 5 (0.5)(va)" + (0.5)(9.81)(0.02679) 


Since vg = 0.17320 43 


@,pg = 3.70 rad/s 


*18-64. The 25-lb slender rod AB is attached to spring BC 
which has an unstretched length of 4 ft. If the rod is released 
from rest when 6 = 30°, determine its angular velocity at 
the instant 6 = 90°. 


1 = V(4) + (4) — 2(4)(4) cos 150° = 7.727 ft 


T, +V,=7T,+ V2 


0 + 25(2) sin 30° + 5 M7727 4yr = : E ( 2 ca? |" + 25(2) 


213 \322 
+ 5 (42 — 4/ 


w = 1.18 rad/s 
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018-65. The 25-lb slender rod AB is attached to spring BC 
which has an unstretched length of 4 ft. If the rod is released 
from rest when @ = 30°, determine the angular velocity of 
the rod the instant the spring becomes unstretched. 


1 = V(4) + (4)? — 2(4)(4) cos 150° = 7.727 ft 


T, +V,=7T,+ V2 


0 + 25(2) sin 30° + 5 (5)(7.721 4yr = : E (S)eo|e + 25(2)(sin 60°) + 0 


w = 2.82 rad/s 


18-66. The assembly consists of two 8-lb bars which are pin 
connected to the two 10-lb disks. If the bars are released 
from rest when @ = 60°, determine their angular velocities 
at the instant 9 = 0°. Assume the disks roll without slipping. 


MAB — BC 


T, + V,=7T,+ V2 


[0] + 2(8)(1.5 sin 60°) = a5 @leac | + [0] 


w = 5.28 rad/s 


18-67. The assembly consists of two 8-lb bars which are pin 
connected to the two 10-Ib disks. If the bars are released from 
rest when 6 = 60°, determine their angular velocities at the 
instant 9 = 30°. Assume the disks roll without slipping. 


VA — Wap (1.5) 


Wp = 3w AR VG >= 1.50 4B 


T, +V, =7T,+ V2 


[0 + 0] + 2[8(4.5 sin 60°)] 
gee 0s) Cour a = Nesey 
E iG 32.2 2 \32.2 


+ + (5) a-sonn a {4 (35 )or bea? | + 2[8(1.5 sin 30°)] 


@,p = 2.21 rad/s Ans. 
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*18-68. The uniform window shade AB has a total weight of 
0.4 Ib. When it is released, it winds up around the spring-loaded 
core O. Motion is caused by a spring within the core, which is 
coiled so that it exerts a torque M = 0.3(107°)@ Ib ft, where 
6 is in radians, on the core. If the shade is released from rest, 
determine the angular velocity of the core at the instant the 
shade is completely rolled up, ie., after 12 revolutions. When 
this occurs, the spring becomes uncoiled and the radius of 
gyration of the shade about the axle at O is kg = 0.9 in. 
Note: The elastic potential energy of the torsional spring is 


V. = 3k6’, where M = k@ and k = 0.3(10~%) Ib: ft/rad. 


(2)? = (6) + (CD) — 2(6)(CD) cos 15° 
CD’ — 11.591CD + 32 = 0 
Selecting the smaller root: 
CD = 4.5352 ft 


T, +V,=7T,+ V2 


1 
0+0=0+2 5 (K)(8 4.5352)" | — 200(6) 


k = 100 lb/ft 


18-69. When the slender 10-kg bar AB is horizontal it is at 
rest and the spring is unstretched. Determine the stiffness k 
of the spring so that the motion of the bar is momentarily 
stopped when it has rotated clockwise 90°. 


T, + Vi, =7T.+ V2 


0+0=0+ 5 (K)(3.3541 1.5) o8.1( 13) 


k = 42.8N/m 
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°19-1. The rigid body (slab) has a mass m and rotates with 
an angular velocity w about an axis passing through the 
fixed point O. Show that the momenta of all the particles 
composing the body can be represented by a single vector 
having a magnitude mvg and acting through point P, called 
the center of percussion, which lies at a _ distance 
rpjG = kG/tcjo from the mass center G. Here kg is the 
radius of gyration of the body, computed about an axis 
perpendicular to the plane of motion and passing through G. 


Ho = ("ejo + rpjg) MUG = Tejo (Mug) + Igo, where Ig = mk2, 


Tcjo (mug) + rpjg (MvG) = Tajo (mug) + (mk@) @ 
_ KG 


UG 
However, vg = @rGjo OF Tejo = — 


kG 
TRIG = te 


19-2. Ata given instant, the body has a linear momentum 
L = mvyg and an angular momentum Hg = Jgw computed 
about its mass center. Show that the angular momentum of 
the body computed about the instantaneous center of zero 
velocity JC can be expressed as Hjc = Ijcw, where [jc 
represents the body’s moment of inertia computed about 
the instantaneous axis of zero velocity. As shown, the IC is 
located at a distance rg/;c away from the mass center G. 


Hic = rec (mug) + Igo, where ug = @FGyic 
= rejic (morgc) + Ig@ 
=(Ugt mrGjic) w 


= Tico 


19-3. Show that if a slab is rotating about a fixed axis 
perpendicular to the slab and passing through its mass center 
G, the angular momentum is the same when computed about 
any other point P. 


Since vg = 0, the linear momentum L = mug = 0. Hence the angular momentum 
about any point P is 


Hp= Igo 


Since w is a free vector, so is Hp . 
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*19-4, The pilot of a crippled jet was able to control his 
plane by throttling the two engines. If the plane has a weight 
of 17 000 Ib and a radius of gyration of kg = 4.7 ft about the 
mass center G, determine the angular velocity of the plane 
and the velocity of its mass center G int = 5s if the thrust in 
each engine is altered to 7, = 5000 1b and 7, = 800 lb as 
shown. Originally the plane is flying straight at 1200 ft/s. 
Neglect the effects of drag and the loss of fuel. 


(G4) (He) + ‘| Mo dt = (He) 


0 + 5000(5)(1.25) — 800(5)(1.25) = (Ee) 47 | 


w = 2.25 rad/s 


(+) M(Vvex) + xf Fe dt = m(vex)2 


(Ss) e200) + 5800(5) (BS eas 


(vg)o = 1.25(10°) ft/s 


°19-5. The assembly weighs 10 lb and has a radius of 
gyration kg = 0.6 ft about its center of mass G. The kinetic 
energy of the assembly is 31 ft-lb when it is in the position 
shown. If it rolls counterclockwise on the surface without 
slipping, determine its linear momentum at this instant. 


Kinetic Energy: Since the assembly rolls without slipping, then w = = 


= 0.8333. "G/IC 


1 1 
T= 7 MG am 3 law 


10 2 2 W=0.8433 Up 
) ji | 39 (06 } 0833300) 


UG = 12.64 ft/s 


Linear Momentum: Applying Eq. 19-7, we have 


10 


309 (12.64) = 3.92 slug: ft/s 


L= mug = 


19-6. The impact wrench consists of a slender 1-kg rod AB 
which is 580 mm long, and cylindrical end weights at A and B 
that each have a diameter of 20 mm and a mass of 1 kg. This 
assembly is free to rotate about the handle and socket, which 
are attached to the lug nut on the wheel of a car. If the rod AB 
is given an angular velocity of 4 rad/s and it strikes the bracket 
C on the handle without rebounding, determine the angular 
impulse imparted to the lug nut. 


1 i 
face iB (1)(0.6 — 0.02)? + 2 5 (1)(0.01)? + 1(0.3)? | = 0.2081 kg - m? 


f; Mat = Inxje @ = 0.2081(4) = 0.833 kg+ m?/s 
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19-7, The space shuttle is located in “deep space,” where the 
effects of gravity can be neglected. It has a mass of 120 Mg, a 
center of mass at G, and a radius of gyration (kg), = 14m 
about the x axis. It is originally traveling forward at 
v = 3 km/s when the pilot turns on the engine at A, creating 
a thrust T = 600(1 — e°*) kN, where ¢ is in seconds. 
Determine the shuttle’s angular velocity 2 s later. 


(+) Ho + 3 [Moat = Was 
2 
0+ il 600(103)(1 — e-°3*)(2) de = [120(10*)(14)? |w 
0 
1200( 103 : al = 120(10°)(14)? 
(10°))F + G zee] = 120(10°) 14) 


w = 0.0253 rad/s 


7=6000703)(/-e°3*) N 


*19-8. The 50-kg cylinder has an angular velocity of essinds 
30 rad/s when it is brought into contact with the horizontal 

surface at C. If the coefficient of kinetic friction is wc = 0.2, 

determine how long it will take for the cylinder to stop 

spinning. What force is developed in link AB during this 

time? The axle through the cylinder is connected to two 

symmetrical links. (Only AB is shown.) For the computation, 

neglect the weight of the links. 


Principle of Impulse and Momentum: The mass moment inertia of the cylinder about 
1 
its mass center is Ig = 5 (50)(0.27) = 1.00 kg- m’. Applying Eq. 19-14, we have 
ty 


luo.) + [Fy dt = m(ve,) 50(98)) N 


ty 


(+1) 0+ N(t) + 2F,4pz sin 20° (t) — 50(9.81)(t) = 0 


mvc) +2 [Feat = mlvo,) 
ty 


(+) 0 + 0.2N(t) — 2F 4g cos 20°(t) = 0 


ty 
Igo, aa 2 | Mgat a Ig@2 
ty 


(G+) —1.00(30) + [0.2N(t)](0.2) = 0 


Solving Eqs. (1), (2), and (3) yields 
Fyn =48.7N t= 1.64 
N = 457.22N 
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019-9. If the cord is subjected to a horizontal force of 
P = 150N, and the gear rack is fixed to the horizontal plane, 
determine the angular velocity of the gear in 4s, starting from 
rest. The mass of the gear is 50 kg, and it has a radius of 
gyration about its center of mass O of kg = 125 mm. 


Kinematics: Referring to Fig. a, 
Vo = @rojic = (0.15) 


Principle of Angular Impulse and Momentum: The mass moment of inertia of the gear 
about its mass center is Ig = mko* = 50(0.125) = 0.78125 kg: m*. From Fig. b, 


ty 
C+ Ipo, + 3 [ Mp dt = Ipa, 
ty 


0 + 150(4)(0.225) = 0.78125w + 50[c(0.15)](0.15) 
w = 70.8 rad/s 


SO0GBI)C4)N:S 
Ln SOCAIN'S 


VEO 


CE 
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19-10. If the cord is subjected to a horizontal force of 
P = 150N, and gear is supported by a fixed pin at O, 
determine the angular velocity of the gear and the velocity 
of the 20-kg gear rack in 4 s, starting from rest. The mass of 
the gear is 50 kg and it has a radius of gyration of 
kg = 125mm. Assume that the contact surface between 
the gear rack and the horizontal plane is smooth. 


Principle of Impulse and Momentum: The mass moment of inertia of the gear about 
its mass center is In = mkg? = 50(0.1257) = 0.78125 kg-m?. Referring to the 
free-body diagram of the gear shown in Fig. a, 
ty 
G+ Io, F z | Moat = Toa 
ty 
0 + F(4)(0.15) — 150(4)(0.075) = —0.781250,4 
F = 75 — 1.3020, (1) 


Since the gear rotates about the fixed axis, vp = warp = w,(0.15). Referring to the 
free-body diagram of the gear rack shown in Fig. b, 


t 
(+) mv + © [Ryde = my 
ty 


0+ F(4) = 20[w, (0.15)] 
F =0.750, 

Equating Eqs. (1) and (2), 
0.75@,4 = 75 — 1.30204 


w, = 36.548 rad/s = 36.5 rad/s 


v = 36.548(0.15) = 5.48 m/s 


% 
socaen [we 


tT 
Net 


el CENTS 
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19-11. A motor transmits a torque of M = 0.05 N-m to 
the center of gear A. Determine the angular velocity of each 
of the three (equal) smaller gears in 2 s starting from rest. 
The smaller gears (B) are pinned at their centers, and the 
masses and centroidal radii of gyration of the gears are 
given in the figure. 


(Ha) + 2 fms dt = (Ha)o 
0 — 3(F)(2)(0.04) + 0.05(2) = [0.8(0.031)?]o4 


Gear B: 


(G+) (Hp) + 5 / Mpdt = (Hs), 


0 + (F)(2)(0.02) = [0.3(0.015)"] wg 
Since 0.04@,4 = 0.02.wz, or wz = 2w,, then solving, 
F =0.214N 
w, = 63.3 rad/s 


@p = 127 rad/s 


O.BG-BI)N 
0.3(9-B1)N 
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*19-12. The 200-lb flywheel has a radius of gyration about 
its center of gravity O of kg = 0.75 ft. If it rotates 
counterclockwise with an angular velocity of 1200 rev/min 
before the brake is applied, determine the time required for 
the wheel to come to rest when a force of P = 200 lb is 
applied to the handle. The coefficient of kinetic friction 
between the belt and the wheel rim is px, = 0.3. (Hint: 
Recall from the statics text that the relation of the tension 
in the belt is given by Tg = Tc e“*, where B is the angle of 
contact in radians.) 


Equilibrium: Writing the moment equation of equilibrium about point A and 
referring to the free-body diagram of the arm brake shown in Fig. a, 


G+=M, = 0; T (1.25) — 200(3.75) = 0 Tz = 600 Ib 


Using the belt friction formula, 
Tp = Tce? 
600 = Tc e837) 


Tc = 233.80 Ib 


Principle of Angular Impulse and Momentum: The mass moment of inertia of the 


200 
wheel about its mass center is Ij7 = mkg? = (25 )(o75" = 3.494 slug: ft”, and 


27 rad \/ 1 mi 

the initial angular velocity of the wheel is w, = (1200 aA )( ae )( mn) 
min lrev 60 s 

= 407 rad/s. Applying the angular impulse and momentum equation about point O 


using the free-body diagram of the wheel shown in Fig. b, 


ty 
G+ Ioa, + | Moat = Iga 
ty 


3,494(407r) + 233.80(t)(1) — 600(¢)(1) = 0 


t = 1.20s 


Ib 


Rn mc cesrmcrese seeP fn mem ae Seta anevemertrastpees To 
SPRITE LP ef SAO PEN OAT ER OLA GE EAA 


E=233-80/b 
(b) 
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¢19-13. The 200-lb flywheel has a radius of gyration about 
its center of gravity O of ko = 0.75 ft. If it rotates 
counterclockwise with a constant angular velocity of 
1200 rev/min before the brake is applied, determine the 
required force P that must be applied to the handle to stop 
the wheel in 2 s. The coefficient of kinetic friction between 
the belt and the wheel rim is uw, = 0.3. (Hint: Recall from the 
statics text that the relation of the tension in the belt is given 
by Tz = Tc e“®, where B is the angle of contact in radians.) 


Principle of Angular Impulse and Momentum: The mass moment of inertia of the 


200 
wheel about its mass center is Ig = mko* = (25 )(o7s" = 3.494 slug: ft”, and 


27 rad \/ 1 mi 
the initial angular velocity of the wheel is w, = (1200 a )( ae )( mn) 
min lrev 60 s 
= 407 rad/s. Applying the angular impulse and momentum equation about point O 
using the free-body diagram shown in Fig. a, 


ty 
G+ Too, a a) Mo at = Igo 
ty 


3.494(407) + Te (2)(1) — Tp(2)(1) = 0 
Tz — Tc = 219.52 
Using the belt friction formula, 
Tp = Tce? 
Tp = Tc 037) 
Solving Eqs. (1) and (2), 


Tc = 140.151b = Tg = 359.67 Ib 


Equilibrium: Using this result and writing the moment equation of equilibrium 
about point A using the free-body diagram of the brake arm shown in Fig. b, 


G+=M, = 0; 359.67(1.25) — P(3.75) = 0 


P = 1201b 


Tar AT aur 


TREAARE 
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19-14. The 12-kg disk has an angular velocity of 
w = 20 rad/s. If the brake ABC is applied such that the 
magnitude of force P varies with time as shown, determine 
the time needed to stop the disk. The coefficient of kinetic 
friction at B is uw, = 0.4. Neglect the thickness of the brake. 


Equation of Equilibrium: Since slipping occurs at B, the friction Fy = pw, Ng = 0.4Nz. 
From FBD(a), the normal reaction Ng can be obtained directed by summing 
moments about point A. 


G+3M, = 0; Nz (0.5) — 0.4N, (0.4) — P(1) = 0 
Nz = 2.941P 


Thus, the friction Fy = 0.4Ng = 0.4(2.941P) = 1.176P. 


Principle of Impulse and Momentum: The mass moment inertia of the cylinder 


1 
about its mass center is Ig = 3 (12)(0.2”) = 0.240 kg-m*. Applying Eq. 19-14, 
we have 


ty 
foo + > [ Mo dt = Iga 
ty 


(C+) —0.240(20) + [-(1176 [ Par)io.2)| =0 


t 
However, | Pdt is the area under the P—t graph. Assuming ¢ > 2s, then 
0 Np 22.94 P 


2*/176 F 


t 
[re = 5 (9)(2) + 5(t — 2) = (St — 5) Nos 
0 
Substitute into Eq. (1) yields 


—0.240(20) + [-1.176(5t — 5)(0.2)] = 0 
t = 5.08 s 


Since t = 5.08s > 2s, the above assumption is correct. 
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19-15. The 1.25-lb tennis racket has a center of gravity at 
G and a radius of gyration about G of kg = 0.625 ft. 
Determine the position P where the ball must be hit so that 
‘no sting’ is felt by the hand holding the racket, i.e., the 
horizontal force exerted by the racket on the hand is zero. 


ACC 
\SERRESSEEEy 


Principle of Impulse and Momentum: Here, we will assume that the tennis racket is 
initially at rest and rotates about point A with an angular velocity of w immediately 


after it is hit by the ball, which exerts an impulse of / Fat on the racket, Fig. a. The 


1.25 
mass moment of inertia of the racket about its mass center is Ig = (425 )(o.2s") 


= 0.01516 slug: ft”. Since the racket about point A, 


(vg) = wrg = o(1). Referring to Fig. b, 
h 
= m(vg)1 + S) F,.dt = m(vg)2 
ty 
1.25 
0+ / Fdt = Galen 
i Fdt = 0.03882 


and 


Ce ace > [Maat = (Ha) 


0+ ( ' rate = 0.01516w + Pe [ (1) |(1) 


[ra _ 0.05398 


'p 


Equating Eqs. (1) and (2) yields 


0.05398 
Gseeg, = Peete rp = 1.39 ft 


SFdt 
£28 Frc) 


32:4 


0-O19/16W 
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*19-16. If the boxer hits the 75-kg punching bag with an 
impulse of J = 20 N-°s, determine the angular velocity of 
the bag immediately after it has been hit. Also, find the 
location d of point B, about which the bag appears to rotate. 
Treat the bag as a uniform cylinder. 


Principle of Impulse and Momentum: The mass moment of inertia of the bag about 


its mass center is Ig = 5n(3r i’) = 1175) 3(025" + 1°| = 15.23 kg-m?. 


Referring to the impulse and momentum diagrams of the bag shown in Fig. a, 


(+) m(vg) + x fF, dt = m(vg)2 


0 + 20 = 75g vg = 0.2667 m/s 


ty 
G+ Ig, ne x | Mog dt — Igor 
ty 
0 + 20(0.25) = 15.23 


w@ = 0.3282 rad/s = 0.328 rad/s 
Kinematics: Referring to Fig. b, 


Vg = &FG/IC 
0.2667 = 0.3282(0.75 + d) 


d = 0.0625 m 


Ta (At) 


75481)\(At) a 


oj5m 


"he k= 0:2667m/s 
= 0.3281 (ede 
(b) 


789 


91962_09_s19_p0779-0826 6/8/09 4:43 PM Page 790 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


e19-17. The 5-kg ball is cast on the alley with a backspin 

of w) = 10 rad/s, and the velocity of its center of mass O is « = 10 rad/s 
Uj) = 5 m/s. Determine the time for the ball to stop back 

spinning, and the velocity of its center of mass at this 

instant. The coefficient of kinetic friction between the ball 

and the alley is uw, = 0.08. 


Principle of Impulse and Momentum: Since the ball slips, Fy = u,N = 0.08N. 
The mass moment of inertia of the ball about its mass center is 


_2 2_2 DN ex 2 
ler amin = 5 (0.1 ) = 0.02 kg-m 


Referring to Fig. a, 


(+1) ml (vos) + fs dt = mos}, 
0+ N(t) — 5(9.81)t = 0 N = 49.05N 


Gah =f Ms dt = (H4)p 


0.02(10) — 5(5)(0.1) + 0 = —5(v@), (0.1) 
(Vo)2 = 4.6 m/s 


(+) mosh + 2 fae = ml (vol 


5(5) — 0.08(49.05)(r) = 5(4.6) 
t = 0.510s 


SE) Ke mis — 5GBI)(t) 


+ 
O:lm 
A 


0:02(/0) kgm A | F=O-08N(t) A 


N(t) 
(4) 
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19-18. The smooth rod assembly shown is at rest when it 
is struck by a hammer at A with an impulse of 10 N°s. 
Determine the angular velocity of the assembly and the 
magnitude of velocity of its mass center immediately after it 
has been struck. The rods have a mass per unit length of 
6 kg/m. 


Principle of Impulse and Momentum: The total mass of the assembly 
is m = 3[6(0.4)] = 7.2 kg. The mass moment of inertia of the assembly about its 
mass center is 


Ig = 3 [6(0.4)](0.47) + 2| 1610.40") + 6(0.4)(02 | = 0.288 kg- m2 
Referring to Fig. b, 


ty 
(+1) m(v,)1 + a) F,dt = m(v,x)2 
ty 
0 + 10 cos 30° = 7.2(vg), (vg), = 1.203 m/s 


1s) 
(+) m(vy), + | F,dt = m(vy)o 
ty 
0 + 10 sin 30° = 7.2(vg)y (Vg)y = 0.6944 m/s 


Thus, the magnitude of vz, is 


vg = Viva). + (vee = V1.203? + 0.6944 = 1.39 m/s 


Also 


ty 
G+ Igo, + | Mg dt = Iga. 
ty 


0 + [-10 cos 30°(0.2) — 10 sin 30°(0.2)] = —0.2880 


w = 9.49 rad/s 
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19-19. The flywheel A has a mass of 30 kg and a radius of 
gyration of kc = 95mm. Disk B has a mass of 25 kg, is 
pinned at D, and is coupled to the flywheel using a belt 
which is subjected to a tension such that it does not slip at its 
contacting surfaces. If a motor supplies a counterclockwise 
torque or twist to the flywheel, having a magnitude of 
M = (12t) N- m, where ¢ is in seconds, determine the 
angular velocity of the disk 3 s after the motor is turned on. 
Initially, the flywheel is at rest. 


Principle of Impulse and Momentum: The mass moment inertia of the flywheel 
about point C is I[¢ = 30(0.095) = 0.27075 kg-m?. Applying Eq. 19-14 to the 309-8!) 
flywheel [FBD(a)], we have 


ty 
foo + 3 f Mc dt = Ic a 
ty 


(G+) O+ ih "Lot dt + [T> (3)](0.125) — T; (3)](0.125) = 0.27075a 


54.0 + 0.3757 — 0.375T, = 0.27075w (1) 


a 
The mass moment inertia of the disk about point D is Ip = 5 (25)(0.1257) 
= 0.1953125 kg - m7. Applying Eq. 19-14 to the disk [FBD(b)], we have 


1) 
ty 


(C+) 0+ [T, (B)](0.125) — [7, B)](0.125) = 0.1953125 
0.3757) — 0.3757, = —0.1953125e 


Substitute Eq. (2) into Eq. (1) and solving yields 
w = 116 rad/s 
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*19-20. The 30-lb flywheel A has a radius of gyration M = (50t) lb-ft ee 
about its center of 4 in. Disk B weighs 50 lb and is coupled to — 

the flywheel by means of a belt which does not slip at its 

contacting surfaces. If a motor supplies a counterclockwise 

torque to the flywheel of M = (50r) lb-ft, where ¢ is in 

seconds, determine the time required for the disk to attain 

an angular velocity of 60 rad/s starting from rest. 


Principle of Impulse and Momentum: The mass moment inertia of the flywheel 


32.2 


0.75 
- B= Os (60) = 90.0 rad/s. Applying Eq. 19-14 to the 


30 (4\ 
about point C is I¢ = = > (4) = 0.1035 slug: ft”. The angular velocity of the 


flywheel is w,4 = 


flywheel [FBD(a)], we have 


Iow, + » [Mca = Ica 
(G+) O+F+ i “501 dt + | if T, (dt)|(0.5) — | / T,(dt)|(0.5) = 0.1035(90) 
251? + 0.5 i (T, — T,)dt = 9.317 (1) 


1 / 50 
The mass moment inertia of the disk about point D is Ip = 3 (35 )oor) 


= 0.4367 slug - ft”. Applying Eq. 19-14 to the disk [FBD(b)], we have 


th 
ty 


(G+) 0+[ i T, (dt)|(0.75) — | | Ty (dt)|(0.75) = 0.4367(60) 


i: (T — T;)dt = —34.94 
Substitute Eq. (2) into Eq. (1) and solving yields 


t= 1.04s 
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e19-21. For safety reasons, the 20-kg supporting leg of a 
sign is designed to break away with negligible resistance at 
B when the leg is subjected to the impact of a car. Assuming 
that the leg is pinned at A and approximates a thin rod, 
determine the impulse the car bumper exerts on it, if after 
the impact the leg appears to rotate clockwise to a 
maximum angle of Onax = 150°. 


ty 
Iya +f M, dt = I, 
ty 


0 + 1(1.75) = E 22) Jor 
w = 0.0656251 
T, + V2 =7T3+ V3 
(5 (20)(2) |(0.0656251) + 20(9.81)(—1) = 0 + 20(9.81)(1 sin 60°) 


I=79.8N:s 


W=20(9.81)N 


Au(t) 


1Singo’m 
A,{) Dat 


2009.81) (t) 
+ 175m = 
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19-22. The slender rod has a mass m and is suspended at 
its end A by a cord. If the rod receives a horizontal blow 
giving it an impulse I at its bottom B, determine the location 
y of the point P about which the rod appears to rotate 
during the impact. 


Principle of Impulse and Momentum: 


(G+) 


1) 
(+) te i ee eee Over 
ty 


1 
0+ 5 mle = MUG 


Kinematics: Point P is the IC. 


Using similar triangles, 
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19-23. The 25-kg circular disk is attached to the yoke by M=(52)N-m 
means of a smooth axle A. Screw C is used to lock the disk asa 

to the yoke. If the yoke is subjected to a torque of ; 
M = (5t?)N+m, where ¢ is in seconds, and the disk is 
unlocked, determine the angular velocity of the yoke when 
t = 3s, starting from rest. Neglect the mass of the yoke. 


Principle of Angular Momentum: Since the disk is not rigidly attached to the yoke, 
only the linear momentum of its mass center contributes to the angular momentum 
about point O. Here, the yoke rotates about the fixed axis, thus v4 = wrg4 = (0.3). 
Referring to Fig. a, 


G+ (Ho) + > | Moat = (Ho) 


3s 
0+ | S?-dt = 25| (0.3) |(0.3) 
0 


St 3s 
—| =2.250 
3 Jo 


w = 20 rad/s 


M=(5t*)N-m 
0.3m 


10 25[w(0-3)] 
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*19-24, The 25-kg circular disk is attached to the yoke by 
means of a smooth axle A. Screw C is used to lock the disk 
to the yoke. If the yoke is subjected to a torque of 
M = (5t?)N-m, where ¢ is in seconds, and the disk is 
locked, determine the angular velocity of the yoke when 
t = 3s, starting from rest. Neglect the mass of the yoke. 


Principle of Angular Momentum: The mass moment of inertia of the disk about its 
1 1 
mass center is I, = 3 mr = 5 (25)( 0.157) = 0.28125 kg- m’. Since the yoke rotates 


about a fixed axis, v4 = wro, = (0.3). Referring to Fig. a, 


cr (Ho) + = [Mo dt = (Ho)2 


3s 
0+ i 5t?-dt = 0.28125w + 25| (0.3) |(0.3) 
0 


5b 3s 
a (an 2.53125 


0 


w = 17.8 rad/s 


2£5[WC0.3)] 
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019-25. If the shaft is subjected to a torque of ZA 
M = (15°)N-m 
Ge) 


M = (15°) N-m, where ¢ is in seconds, determine the 
angular velocity of the assembly when ¢ = 3s, starting from 
rest. Rods AB and BC each have a mass of 9 kg. 


Principle of Impulse and Momentum: The mass moment of inertia of the rods 
1 1 

about their mass center is Ig = pm = 9 (9)(1”) = 0.75 kg-m*. Since the 

assembly rotates about the fixed axis, (vg)4g = @(’c)agp = (0.5) and 


(vG)sc = (rG)Bc = of VP + oy) = w(1.118). Referring to Fig. a, 


Ca (H,), an fm, dt = (H,)2 


3s 
0+ [ 15¢7dt = 9[w(0.5)](0.5) + 0.75w + 9[w(1.118) (1.118) + 0.750 
0 


38 
= 15w 
0 


w = 9rad/s 


IwtsY -O7S0r 
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19-26. The body and bucket of a skid steer loader has a 
weight of 2000 Ib, and its center of gravity is located at G. 
Each of the four wheels has a weight of 100 Ib and a radius 
of gyration about its center of gravity of 1 ft. If the engine 
supplies a torque of M = 100 lb: ft to each of the rear drive 
wheels, determine the speed of the loader in t = 10s, 
starting from rest. The wheels roll without slipping. 


Principle of Impulse and Momentum. The mass moment of inertia of the wheels 
100 
Je) = 6.211 slug: ft. 


about their mass center are J, = Ip = 2mk* = 2 


Since the wheels roll without slipping, w = . = ce = 0.8v. From Figs. a, b, and c, 


Ce “Gore's : Moda Oe 


0 + 2(100)(10) — A,(10)(1.25) = 6.211(0.8v) + 2 (28) Jars 


A, = 160 — 1.019v (1) 


ty 
(Hp); ae =f Mp dt = (AHp)2 
ty 


0 + B,(10)(1.25) = 6.211(0.8v) + al (355) ]29 


B, = 1.019v 


From Fig. d, 
(+) m[(vg)x 1 + = [ "rp, dt = ml(ve)xl2 


0 + A,(10) — B,(10) = (ee 


Substituting Eqs. (1) and (2) into Eq. (3), 
2000 


(160 — 1.019v)(10) — 1.019v(10) = (ey 


v = 19.4 ft/s Ans, 


6.211 (08V) 


24] 
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19-27. The body and bucket of a skid steer loader has a 
weight of 2000 Ib, and its center of gravity is located at G. 
Each of the four wheels has a weight of 100 Ib and a radius 
of gyration about its center of gravity of 1 ft. If the loader 
attains a speed of 20ft/s in 10 s, starting from rest, 
determine the torque M supplied to each of the rear drive 
wheels. The wheels roll without slipping. 


Principle of Impulse and Momentum: The mass momentum of inertia of the wheels 
100 
Je) = 6.211 slug: ft. 


about their mass centers are [4 = Ip = 2mk* = 2( 


20 
Since the wheels roll without slipping, w = “= 105 16 rad/s. From Figs. a, b, 
and c, e ? 


. Gas i) "Mcdt = (Hoje 


0 + 2M(10) — A,(10)(1.25) = 6.211(16) + 2| 2 20) 25) 


A, = 1.6M — 20.37 


ty 
(Hp) + =f Mpdt = (Ap) 
ty 


0 + B,(10)(1.25) = 6.211(16) + 2| 2° 20) |.25) 
B, = 20.37 Ib ZC00) Ib 


From Fig. d, 


(*) mas + ® i ‘Fd = m|(va)x)p 


2000 
0 + A,(10) — B,(10) = 3, (20) 


Substituting Eqs. (1) and (2) into Eq. (3), 


(1.6M — 20.37)(10) — 20.37(10) = 529) 


M = 103 lb: ft 


2[ 2 (z0)] sl4- fe, 
6.26) slug fh, 
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*19-28. The two rods each have a mass m and a length /, 
and lie on the smooth horizontal plane. If an impulse I is 
applied at an angle of 45° to one of the rods at midlength as 
shown, determine the angular velocity of each rod just after 
the impact. The rods are pin connected at B. 


Bar BC: 

(C+) Hoh + 3 f Moat = Has 
0+ [ea (4) = Ig we 

(41) (voy +B f Ry at = (ves) 


0- ic dt + [sin 45° = m(ve), 


Bar AB: 


(G+) (Ho) + © [ Moat = (Ho): 


I 
O+ i a (5) = toes 


(+1) m(Vey)1 + z fr, dt = M(Vey)2 


O+ i dt = m(ve)y 


Vp = Yo + Vaja' = Va + Yajc 


(+1) vey = Cody + enn (4) = Gary - enc(4) 
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*19-28. Continued 


Eliminate i dt from Eqs. (1) and (2), from Eqs. (3) and (4), and between 
Eqs. (1) and (3). This yields 


I 

Ig @BcC = > (I sin 45° = m(vG)y) 
i 

m(Vg)y 3) = Ig 4B 

®BC — AB 


Substituting into Eq. (5), 
l 
ilo eon ose(3) ol“) 
m 
4 I 
( \lowan + @apl = — sin 45° 
ml m 


4 1 2 22 SE, 7 
(A) fm eas oh wap! a mins 


4 I 
3 @apt =~ sin 45° 
m 


( ) 
MAB = ®gC = 
ao Oa n/a \ mal 
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e19-29. The car strikes the side of a light pole, which is 
designed to break away from its base with negligible 
resistance. From a video taken of the collision it is observed 
that the pole was given an angular velocity of 60 rad/s 
when AC was vertical. The pole has a mass of 175 kg, a 
center of mass at G, and a radius of gyration about an axis 
perpendicular to the plane of the pole assembly and passing 
through G of kg = 2.25m. Determine the horizontal 
impulse which the car exerts on the pole at the instant AC is 
essentially vertical. 


(+) Hon + 3 [Maat = Ha 
0+ | iy F ar |.) = 175(2.25) (60) 


fra = 15.2kN:s 


G 
W=175(9.8I)N 


w 
>> % 
xX 
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19-30. The frame of the roller has a mass of 5.5 Mg anda 
center of mass at G. The roller has a mass of 2 Mg and 
a radius of gyration about its mass center of k, = 0.45 m. If 
a torque of M = 600N-m is applied to the rear wheels, 
determine the speed of the compactor in ¢ = 4s, starting 
from rest. No slipping occurs. Neglect the mass of the 
driving wheels. 


Driving Wheels: (mass is neglected) 
G+EMp=0; 600 — F(0.5) = 0 
Fc = 1200N 


Frame and driving wheels: 
(+) mrad +2 [Rede = moves 


0 + 1200(4) — A, (4) = 5500vg 
A, = 1200 — 1375vg 


Roller: 
Vg = v4 = 0.60 


Ss Giies / Mgdt= Gps 


0 + A, (4)(0.6) = (2000¢0.45)"|( 7) + [2000(v¢) |(0.6) 


A, = 781.25v¢ 
Solving Eqs. (1) and (2): 
A, = 435N 


vg = 0.557 m/s 


5500(9.81)N 
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19-31. The 200-kg satellite has a radius of gyration about 

the centroidal z axis of k, = 1.25 m. Initially it is rotating 

with a constant angular velocity of wp = {1500 k} rev/min. T = (Se) kN 
If the two jets A and B are fired simultaneously and produce 

a thrust of T = (Se~*"") kN, where ¢ is in seconds, determine 

the angular velocity of the satellite, five seconds after firing. 


Principle of Angular Impulse and Momentum: The mass moment of inertia of the 
satellite about its centroidal z axis is I, = mk? = 200( 1.257) = 312.5kg-m”. The 


2arad \/ 1 mi 
initial angular velocity of the satellite is w, = (1500 aa a )( min) 
min/\ 1 rev 60 s 


= 507 rad/s. Applying the angular impulse and momentum equation about the z axis, 


T = (Se) KN 


ty 
toy + 3 f M,dt = 1,0 
q 


Ss 
312.5(S07) — 2 i soe) = 312.50, 
0 


5s 


15625m + (150000e°")] = 312.5w» 
0 


@) = [—31.8k] rad/s 


*19-32. If the shaft is subjected to a torque of 
M = (30e—°") N-m, where ¢ is in seconds, determine the 
angular velocity of the assembly when ft = 5s, starting from 


x 
rest. The rectangular plate has a mass of 25 kg. Rods AC and pec 0.6m 


BC have the same mass of 5 kg. A 
M = (30e°!) N-m 


0.6 m 
‘C 


Principle of Angular Impulse and Momentum: The mass moment of inertia of the 
1 1 

assembly about the z axis is [, = 2|sy(o6")| + 4 29)(06" + 25(0.6 sin «0°? | 

= 8.70 kg: m’. Using the free-body diagram of the assembly shown in Fig. a, 


ty 
Ct + 5 f M,dt = I, 
ty 


5s 
0+ } 30e° “dt = 8.70w, 
0 


Ss 


(—300e°°"")} = 8.70w5 
0 


Thus, 


2 = 13.6 rad/s 
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019-33. The 75-kg gymnast lets go of the horizontal bar in 
a fully stretched position A, rotating with an angular 
velocity of w, = 3 rad/s. Estimate his angular velocity 
when he assumes a tucked position B. Assume the gymnast 
at positions A and B as a uniform slender rod and a uniform 
circular disk, respectively. 


Conservation of Angular Momentum: Other than the weight, there is no external 

impulse during the motion. Thus, the angular momentum of the gymnast is 

conserved about his mass center G. The mass moments of inertia of the gymnast at 
1 


1 
it =p) 


the fully-stretched and tucked positions are ([4)c¢ = - D 


i 1 
= 19.14kg+-m? and (Ig)g = 5 mr? = 3 (75)( 0.375") = 5.273 kg: m*. Thus, 


(Halo = (Aa)c 
19.14(3) = 5.2730, 


wp = 10.9 rad/s 


19-34, A75-kg man stands on the turntable A and rotates a 
6-kg slender rod over his head. If the angular velocity of the 
rod is w, = 5rad/s measured relative to the man and the 
turntable is observed to be rotating in the opposite direction 
with an angular velocity of w, = 3 rad/s, determine the radius 
of gyration of the man about the z axis. Consider the turntable 
as a thin circular disk of 300-mm radius and 5-kg mass. 


Conservation of Angular Momentum: The mass moment of inertia of the rod about 


1 1 
the z axis is (/,), = ml? = 7 O(2’) = 2kg-m? and the mass moment of 


1 
inertia of the man and the turntable about the z axis is (1,,), = 5 (5)(0.37) + 75k? 


= 0.225 + 75k2. Since no external angular impulse acts on the system, the angular 
momentum of the system is conserverved about the z axis. 


(H.)1 = (H.)2 


0 = 2(@,) — (0.225 + 75k2)(3) 


O, = On + lm 


wo, = —3 + 5 = 2 rad/s 
2(2) = (0.225 + 75k2)3 


k, = 0.122 m 
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19-35. A horizontal circular platform has a weight of 
300 Ib and a radius of gyration k, = 8 ft about the z axis 
passing through its center O. The platform is free to rotate 
about the z axis and is initially at rest. A man having a 
weight of 150 Ib begins to run along the edge in a circular 
path of radius 10 ft. If he maintains a speed of 4 ft/s relative 
to the platform, determine the angular velocity of the 
platform. Neglect friction. 


Vn = Vp E Vin/p 


(+) Vin = —10w + 4 


(G+) (H,); = (H,)2 


0= (S)er (3) 10w + 4)(10) 


w = 0.175 rad/s 


*19-36. A horizontal circular platform has a weight of 
300 Ib and a radius of gyration k, = 8 ft about the z axis 
passing through its center O. The platform is free to rotate 
about the z axis and is initially at rest. A man having a 
weight of 150 Ib throws a 15-Ib block off the edge of the 
platform with a horizontal velocity of 5 ft/s, measured 
relative to the platform. Determine the angular velocity of 
the platform if the block is thrown (a) tangent to the 
platform, along the ++ axis, and (b) outward along a radial 
line, or +n axis. Neglect the size of the man. 


a) (A,)1 = (AL) 
0+0= (3 Jena Gab (9) 2000) 


32.2 32.2 
Vp = 228m 


Vp = Vn + Vb/m 


(+) vp = —10w + 5 
2280 = —10a + 5 
w = 0.0210 rad/s 


b) (H,), = (H,)2 


0+0=0 (28) oe ($5 )200)(40 
wo =0 
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¢19-37. The man sits on the swivel chair holding two 5-lb 
weights with his arms outstretched. If he is rotating at 
3 rad/s in this position, determine his angular velocity when 
the weights are drawn in and held 0.3 ft from the axis of 
rotation. Assume he weighs 160 Ib and has a radius of 
gyration k, = 0.55 ft about the z axis. Neglect the mass of his 
arms and the size of the weights for the calculation. 


Mass Moment of Inertia: The mass moment inertia of the man and the weights 
about z axis when the man arms are fully stretched is 


G2). = (29 Joss) ~ 21-5 (257) = 3.444 slug: ft? 


The mass moment inertia of the man and the weights about z axis when the weights 
are drawn in to a distance 0.3 ft from z axis 


(I, = (22 )(oss?) + 2| > (03) = 1.531 slug: ft? 


Conservation of Angular Momentum: Applying Eq. 19-17, we have 
(H,) = (H2)2 
3.444(3) = 1.531(w,)> 


(@,)2 = 6.75 rad/s 


19-38. The satellite’s body C has a mass of 200 kg and a 
radius of gyration about the z axis of k, = 0.2m. If the 
satellite rotates about the z axis with an angular velocity of 
5 rev/s, when the solar panels A and B are in a position of 
6 = 0°, determine the angular velocity of the satellite when 
the solar panels are rotated to a position of 6 = 90°. 
Consider each solar panel to be a thin plate having a mass 
of 30 kg. Neglect the mass of the rods. 


Conservation of Angular Momentum: When 6 = 0° and 6 = 90°, the mass 
momentum of inertia of the satellite are 


(I.); = 200(0.2?) + f= (30)(0.5? + 0.47) + 30(0.75%) 


= 43.8kg-m? 
(I,). = 200(0.2”) + 24 (30)(0.5?) + 30(0.75%) 


= 43 kg-m? 


(H,), = (H,)2 
(2)1 a, — (,)2 Ww 
43.8(5) = 43a 


w) = 5.09 rev/s 
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19-39. A 150-Ib man leaps off the circular platform with a Um |p = 5 ft/s 
velocity of Upjp = 5 ft/s, relative to the platform. &. 
Determine the angular velocity of the platform afterwards. 

Initially the man and platform are at rest. The platform 

weighs 300 lb and can be treated as a uniform circular disk. 


Kinematics: Since the platform rotates about a fixed axis, the speed of point P on 
the platform to which the man leaps is vp = wr = (8). Applying the relative 
velocity equation, 


Vn = Vp + Vim/P 


(+1) Vm = ~0(8) + 5 (1) 


Conservation of Angular Momentum: As shown in Fig. b, the impulse Fdt 


generated during the leap is internal to the system. Thus, angular momentum of 
the system is conserved about the axis perpendicular to the page passing through 
point O. The mass moment of inertia of the platform about this axis is 


1 / 300 


= 2 2) — - ft2 
Io = 5 mr +(35 Jee) 465.84 slug: ft 


(Ho) = (Ho)2 


Je — 465.840 


Vm = 12.50 
Solving Eqs. (1) and (2) yields 
w = 0.244 rad/s 


Vin = 3.05 ft/s 
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*19-40. The 150-kg platform can be considered as a 
circular disk. Two men, A and B, of 60-kg and 75-kg mass, 
respectively, stand on the platform when it is at rest. If they 
start to walk around the circular paths with speeds of 
Va/p = 1.5 m/s and vg), = 2 m/s, measured relative to the 
platform, determine the angular velocity of the platform. 


Kinematics: Since the platform rotates about a fixed axis, the speed of points P and 
P' on the platform at which men B and A are located is vp = wrp = w(2.5) and 
Vp = orp = (2). Applying the relative velocity equation, 


Vp =Vpt VB/P 
(+1) vg = -w(2.5) + 2 
and 

VA = Vp ae VA/P' 


(41) vg = @(2) +15 (2) 


Conservation of Angular Momentum: As shown in Fig. b, the impulses i, F, dt 


and i Fz dt are internal to the system. Thus, angular momentum of the system is 
conserved about the axis perpendicular to the page passing through point O. The 


1 1 
mass moment of inertia of the platform about this axis is Jy = 2 mr = 5 (150)(3?) 
= 675 kg-m’. Then 


(Ho) = (Ho)2 


0 = 75vz (2.5) — 60v,4 (2) — 6750 


Substituting Eqs. (1) and (2) into Eq. (3), 


0 = 75(—2.5@ + 2)(2.5) — 60(2w + 1.5)(2) — 675 


w = 0.141 rad/s 
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¢19-41. Two children A and B, each having a mass of 30 kg, 
sit at the edge of the merry-go-round which rotates at 
w = 2 rad/s. Excluding the children, the merry-go-round 
has a mass of 180 kg and a radius of gyration k, = 0.6 m. 
Determine the angular velocity of the merry-go-round if A 
jumps off horizontally in the —n direction with a speed of 
2 m/s, measured relative to the merry-go-round. What is the 
merry-go-round’s angular velocity if B then jumps off 
horizontally in the —¢ direction with a speed of 2 m/s, 
measured relative to the merry-go-round? Neglect friction 
and the size of each child. 
@ = 2 rad/s 


Mass Moment of Inertia: The mass moment inertia of the merry-go-round about the 
z axis when both children are still on it is 


(Z,), = 180(0.67) + 2[30(0.757)] = 98.55 kg + m? 
The mass moment inertia of the merry-go-round about z axis when child A jumps off 
(I,)2 = 180(0.67) + 30(0.757) = 81.675 kg + m? 


The mass moment inertia of the merry-go-round about z axis when both children 
jump off 


(I,)3 = 180(0.67) + 0 = 64.80 kg: m? 


Conservation of Angular Momentum: When child A jumps off in the —n direction, 
applying Eq. 19-17, we have 


(H,); = (H,)2 
(1 a, = (22 @) 
98.55(2) = 81.6750 


w) = 2.413 rad/s = 2.41 rad/s Ans, 


Subsequently, when child B jumps off from the merry-go-round in the -+ direction, t 
applying Eq. 19-17, we have 


(H,)2 = (H;)s | Ui" uw)N= «(0-75 ) 
(1,)2 @2 = (z)3 @3 — (mg vg)(0.75) 


81.675(2.413) = 64.8003; — 30uz (0.75) (1) 


Relative Velocity: The speed of a point located on the edge of the merry-go-round at | Upy, =z rn: $ 
the instant child B jumps off is vyy = @3 (0.75). “ 


UB >= UM t UB/M = @3 (0.75) + 2 (2) Vp 
Substituting Eq. (2) into Eq. (1) and solving yields 


w3 = 2.96 rad/s 
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19-42. A thin square plate of mass m rotates on the 
smooth surface with an angular velocity w;. Determine its 
new angular velocity just after the hook at its corner strikes 
the peg P and the plate starts to rotate about P without 
rebounding. 


Mass Moment of Inertia: The mass moment inertia of the thin plate about the z axis 
passing through its mass center is 


UG = = (m) (@ + «) = = ma 


The mass moment inertia of the thin plate about z axis passing through peg P is 


(Lp = 55 ome + @) 4 ml 6) | ole 


Conservation of Angular Momentum: Applying Eq. 19-17, we have 


, = Hp 
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19-43. A ball having a mass of 8 kg and initial speed of 
v, = 0.2 m/s rolls over a 30-mm-long depression. Assuming 
that the ball rolls off the edges of contact first A, then B, 
without slipping, determine its final velocity v. when it 
reaches the other side. 


h = 125 — 125 cos 6.8921° = 0.90326 mm 


T, +V,=T,+ V2 


5 (8)(0.2) + 32 (8)0.125) |(L6y +0 
= —(0.90326)(1077)8(9.81) + 5 (8)0(0.125)" + i] (900.25) |(wy 

w = 1.836 rad/s 

(H3)2 = (H5)3 


2 (8)(0.25) |(.836) + 8(1.836)(0.125) cos 6.892°(0.125 cos 6.892°) 


— 8(0.22948 sin 6.892°)(0.125 sin 6.892°) 


BGBIIN 89-81) 


2 
7 218900125) fo + 8(0.125)w; (0.125) 
@3 = 1.7980 rad/s 
T3+V3=7T4+ V4 


2 (8)(0.125) |(.7980) + 3(8)(1.7980)*(0.125) +0 


8(9.81)(0.90326(10~7)) + ; E (800.25) los) 


5 (8)(04)*(0.125)? 


wy = 1.56 rad/s 
So that 
vy = 1.56(0.125) = 0.195 m/s 
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*19-44, The 15-kg thin ring strikes the 20-mm-high step. 
Determine the smallest angular velocity , the ring can have 
so that it will just roll over the step at A without slipping 


The weight is non-impulsive. 
(Ha) = (Ha)2 
15(«)(0.18)(0.18 — 0.02) + [15(0.18)*](w) = [15(0.18)? + 15(0.18)* Jo» 
wy = 0.94440, 


NEF, = m(ag)n3——« (15)(9.81) cos @ — Ny = 1503 (0.18) 


160 
When hoop is about to rebound, VN, — 0. Also, cos 6 = 780° and so 


@ = 6.9602 rad/s 


6.9602 


= qoddd = 7.37 rad/s 


wy} 


MV), = 15(002L0-18)1 


@, 
i I5C9-8I)N 


=[15(0-18°)] 00, Lg, 
= [150016] D2 


(0./8-0.02)m 
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019-45. The uniform pole has a mass of 15 kg and falls 
from rest when 6 = 90°. It strikes the edge at A when 
6 = 60°. If the pole then begins to pivot about this point 
after contact, determine the pole’s angular velocity just 
after the impact. Assume that the pole does not slip at B as 
it falls until it strikes A. 


Conservation of Energy: Datum is set at point B. When the pole is at its initial and 
final position, its center of gravity is located 1.5 m and 1.5 sin 60° m = 1.299 m above 
the datum. Its initial and final potential energy are 15(9.81)(1.5) = 220.725 N-m 
and 15(9.81)(1.299) = 191.15 N-m. The mass moment of inertia about point B is 


1 
Ip = D (15)(37) + 15(1.5?) = 45.0 kg- m*. The kinetic energy of the pole before 


1 1 
the impact is 5 Ig ot = 3 (45.0)w} = 22.5wt. Applying Eq. 18-18, we have 


T + Vi = T2 + V, 
0 + 220.725 = 22.5w} + 191.15 
@, = 1.146 rad/s 
I5C7B)N 


Conservation of Angular Momentum: Since the weight of the pole is nonimpulsive 
force, the angular momentum is conserved about point A. The velocity of its mass 
center before impact is vg = @, rcg = 1.146(1.5) = 1.720 m/s. The mass moment 
of inertia of the pole about its mass center and point A are 


Ig = = (15)(32) = 11.25kg-m? 


0.5 
sin 60° 


2 
) = 24.02 kg-m? 


I4= 3 (15)(3") + is(15 - 


Applying Eq. 19-17, we have 


(Ha) = (Ha) 
(mvg)("Ea) + Igo = I, @2 
0.5 
sin 60° 


@, = 1.53 rad/s 


[is(.720)]( 15 = ) + 11.25(1.146) = 24.02w, 
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19-46. The 10-lb block slides on the smooth surface when Vv 


the corner D hits a stop block S. Determine the minimum Be—1 ft—~ >, 


velocity v the block should have which would allow it to tip Wh — | 


over on its side and land in the position shown. Neglect the 


7 
size of S. Hint: During impact consider the weight of the ©) 
ZZ 


block to be nonimpulsive. Ann 


a 


Conservation of Energy: If the block tips over about point D, it must at least achieve 
the dash position shown. Datum is set at point D. When the block is at its initial and 
final position, its center of gravity is located 0.5 ft and 0.7071 ft above the datum. Its 
initial and final potential energy are 10(0.5) =5.00ft-lb and 
10(0.7071) = 7.071 ft-lb. The mass moment of inertia of the block about point D is 


— “( 10 Joe pas ( aD \( 0.5? + 0.5%)? = 0.2070 slug: f 


12\ 32.2 32.2 


1 1 
The initial kinetic energy of the block (after the impact) is = Ip w5 = = (0.2070) w5. 
Applying Eq. 18-18, we h g a 
pplying Eq. , we have 


T,+V,=T3+ V3 
5 (0.2070) ws + 5.00 = 0 + 7.071 
@) = 4.472 rad/s 
Conservation of Angular Momentum: Since the weight of the block and the normal 
reaction N are nonimpulsive forces, the angular momentum is conserves about 


point D. Applying Eq. 19-17, we have 


(Hp) = (Hp) 


(mug)(r') = Ip @2 


(a eos) = 0.2070(4.472) 


v = 5.96 ft/s 
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19-47. The target is a thin 5-kg circular disk that can 
rotate freely about the z axis. A 25-g bullet, traveling at 
600 m/s, strikes the target at A and becomes embedded in 
it. Determine the angular velocity of the target after the 
impact. Initially, it is at rest. 


Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular 

impulse of the system about the z axis is zero. Thus, the angular impulse of the 

system is conserved about the z axis. The mass moment of inertia of the target about 
1 1 

the z axis is I, = qm Sd (5)(0.37) = 0.1125 kg: m7’. Since the target rotates 

about the z axis when the bullet is embedded in the target, the bullet’s velocity is 

(Vp)2 = o(0.2). Then, 


(A) a (H,)2 
0.025(600)(0.2) = 0.1125 + 0.025] (0.2) |(0.2) 


w = 26.4 rad/s 


0:025(600) aN 
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*19-48. A 2-kg mass of putty D strikes the uniform 10-kg 
plank ABC with a velocity of 10 m/s. If the putty remains 
attached to the plank, determine the maximum angle 6 of 
swing before the plank momentarily stops. Neglect the size 
of the putty. 


Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular 
impulses about point B is zero. Thus, angular impulse of the system is conserved 
about this point. Since rod AC rotates about point B, (vg4c)2 = @Gac = (0.2) 
and (Vp)2 = @Gp = @ (0.3). The mass moment of inertia of rod AC about its mass 


1 2 1 2) ee 2 
—mP = zp (oy(1.2 ) = 1.2 kg: m?. Then, 


center is Ig4c = D 


(Ha), = (H2)2 
2(10)(0.3) = 1.20) + 10{ (0.2) |(0.2) + 2[ (0.3) (0.3) 
@) = 3.371 rad/s 


Conservation of Energy: With reference to the datum in Fig. a, 


VY) = (V,.)2 = Wac (Yeac)2 + Wo(yepn)2 = 9 


V3= (V..)3 = Wac (yeac)3 — Wo(yap)s 
= 10(9.81)(0.2 sin 8) — 2(9.81)(0.3 sin 6) = 13.734 sin 0 


The initial kinetic energy of the system is 


1 1 
Th = ay Tgac @2° + 3 Mac (vgac)2” + 2 mp(Vep)2" 


5 (1.2)(3378)+ ; (10)[3.371(0.2) ? + 5 2)[337103)} = 10.11) 


Since the system is required to be at rest in the final position, 7; = 0.Then, 


T, + V2 =7T3+ V3 
10.11 + 0 = 0 + 13.734 sin 6 


@ = 47.4° 
RG-BYAtXO 


<L10) kg-fs /0(98))4t=0 
0.3m 


/0[wW(0.23) 2[wt0s)] 


02 
i. = 
Fat 
ByAt BAt 
(4) 
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e19-49. The uniform 6-kg slender rod AB is given a slight 
horizontal disturbance when it is in the vertical position and 
rotates about B without slipping. Subsequently, it strikes the 
step at C. The impact is perfectly plastic and so the rod 
rotates about C without slipping after the impact. 
Determine the angular velocity of the rod when it is in the 
horizontal position shown. 


0.225 
Conservation of Energy: From the geometry of Fig. a,@ = tan”! (92) = 36.87° 


and BC = V0.3? + 0.225? = 0.375 m. Thus, rcg = 0.5 — 0.375 = 0.125 m. With 
reference to the datum, V,; = W(yg); = 6(9.81)(0.5) = 29.43 J,V2 = V3 = W(yoe)3 
= 6(9.81)(0.5 sin 36.87°) = 17.658 J,andV4 = W(yg)4 = 6(9.81)(0.225) = 13.2435 J. 
Since the rod is initially at rest, 7, = 0.The rod rotates about point B before impact. 
Thus, (vg)2 = @2%gG = @2 (0.5). The mass moment of inertia of the rod about its mass 


1 1 1 1 
center is Ig = pin = as. (6)(1”) = 0.5 kg: m?. Then, T) = x mva)a” + 7 law 
1 


1 
is (6)[9(0.5) + 3 (0.5)w.? = 1w,”. Therefore, 
Ti as Vy T> a V> 
0 + 29.43 = lw)? + 17.658 
2 = 3.431 rad/s 
The rod rotates about point C after impact. Thus, vg = wrcg = w(0.125). Then, 
1 1 


T= 24 
2 m(vG) 5) 


Iga = (6)[.0(0.125)P + 5 (0.5)u = 0.2968750* 


so that 
T3 = 0.296875w3” and T, = 0.296875w,4” 


T3+V3=T4,+ V4 

0.296875* + 17.658 = 0.296875w47 + 13.2435 

wy” — w3* = 14.87 (1) 
Conservation of Angular Momentum: Referring to Fig. b, the sum of the angular 


impulses about point C is zero. Thus, angular momentum of the rod is conserved 
about this point during the impact. Then, 


(Hc) = (Ac)2 
6[3.431(0.5) |(0.125) + 0.503.431) = 6[03(0.125)](0.125) + 0.503 
w3 = 5.056 rad/s 

Substituting this result into Eq. (1), we obtain 


w4” — (5.056)* = 14.87 
w4 = 6.36 rad/s Ans. 


6G8VAt 0 
0.5(3431) 4m/s 


6 [3-421(05)] 4m, 
6[w;(0-n5)) 
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19-50. The rigid 30-lb plank is struck by the 15-lb hammer 
head H. Just before the impact the hammer is gripped 
loosely and has a vertical velocity of 75 ft/s. If the coefficient 
of restitution between the hammer head and the plank is 
e = 0.5, determine the maximum height attained by the 50-Ib 
block D. The block can slide freely along the two vertical 
guide rods. The plank is initially in a horizontal position. 


Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular 
impulses about point B is zero. Thus, angular momentum of the system is conserved 
about this point during the impact. Since the plank rotates about point B, 
(Vp)2 = @ (1) and (vg)z = w(1.25). The mass moment of inertia of the plank about 


1 1 / 30 
its mass center is Ig = — ml? = ( (45?) = 1.572 slug: ft”. Thus, 


12 12 \ 32.2 
(H)1 = (H)2 


30 
55 (19)3) = 25 [oc] + 35 5 ew X3) 


4.581w) — 1398(vz7)7 = 104.81 (1) 


| (1.25) ](1.25) + 1.5720) - 


Coefficient of Restitution: Here, (v4) = w2(3) |. Thus, 
(+1) a (Va)2 — Va)2 
(va) — (Va) 
— (3) — (Va)2 
—75 —0 
3w F (vy)2 = 37.5 


0.5 = 


Solving Egs. (1) and (2), 
@) =17.92rad/s (vy). = —16.26 ft/s = 16.26 ft/s | 


Conservation of Energy: With reference to the datum in Fig. b, V2 = (Ve)o 
= Wp(ye)2 = 0 and V3 = (V,)3 = Wp(ye)3 = 50h. 


(vp)2 = w,(1) = 17.92(1) = 17.92 ft/s and (vp); = 0 


Sur 927) = 249.33 ft- Ib and T; = 0 


249.33 +0 =0+ 50h 
h = 4,99 ft Ans. 


- : aaa tt, 50kt~0 


P bes 3OAt 20 
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19-51. The disk has a mass of 15 kg. If it is released from 
rest when @ = 30°, determine the maximum angle 6 of 
rebound after it collides with the wall. The coefficient of 
restitution between the disk and the wall is e = 0.6. When 
6 = 0°, the disk hangs such that it just touches the wall. 
Neglect friction at the pin C. 


Datum at lower position of G. 


T, + V, = T, + V2 


0 + (15)(9.81)(0.15)(1 — cos 30°) = + |S. asy0.45) Jor +0 


w = 3.418 rad/s 


0 — (-0.150’) 
& Sees 
( ) e = 06 = 37418(0.15) — 0 


w' = 2.0508 rad/s 


T, + Vo = T3 + V3 


3 (15)(0.15? |2.0508) + 0 = 0 + 15(9.81)(0.15)(1 — cos @) 


W=15(9-B1)N 
015m 


h=0-15(1-@asb) 
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*19-52. The mass center of the 3-lb ball has a velocity of 
(vg), = 6 ft/s when it strikes the end of the smooth 5-Ib 
slender bar which is at rest. Determine the angular velocity 
of the bar about the z axis just after impact if e = 0.8. 


Conservation of Angular Momentum: Since force F due to the impact is internal to 
the system consisting of the slender bar and the ball, it will cancel out. Thus, angular 
momentum is conserved about the z axis. The mass moment of inertia of the slender 
5 (vg)2 


2) — « ft2 = 
o5)(4) 0.2070 slug: ft”. Here, #, = “5 


1 
bar about the z axis is J, = =( 


Applying Eq. 19-17, we have 
(AH): = (Az), 


[ my (ve) |(7s) = I, @) + [ mp (ve)2|(r») 


(35 )oe = 0.2070, | (<35 ewan 


Coefficient of Restitution: Applying Eq. 19-20, we have 


_ (vg)2 7 (vg)2 
(ve) ~ (vg) 


_ (vg)2 — (ve)2 
ear ek ae 


Solving Eqs. (1) and (2) yields 
(vGg)2 = 2.143 ft/s (vg). = 6.943 ft/s 
Thus, the angular velocity of the slender rod is given by 


(vg)2 6.943 
2 2 


3.47 rad/s 
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019-53. The 300-lb bell is at rest in the vertical position 
before it is struck by a 75-lb wooden post suspended from 
two equal-length ropes. If the post is released from rest at 
6 = 45°, determine the angular velocity of the bell and the 
velocity of the post immediately after the impact. The 
coefficient of restitution between the bell and the post is 
e = 0.6. The center of gravity of the bell is located at point 
G and its radius of gyration about G is kg = 1:5 ft. 


Conservation of Energy: With reference to the datum in Fig. a, V; = (Veh 
= -W(yg)1 = —75(3 cos 45°) = -159.10 ft-lb and = V2 = (V,). = —W(ya)2 
= —75(3) = —225 ft-lb. Since the post is initially at rest, T; = 0. The post 
1 75 
undergoes curvilinear translation, 7, = = m(vp).? = 4) 55 |? Thus 
2 2| 32.2 
T, ay Vi = T> tr V> 


i) 
32.2 


oor I (-225) 


0 + ( 159.10) = 3] 


(Vp)2 = 7.522 ft/s 


Conservation of Angular Momentum: The sum of the angular impulses about point 
O is zero. Thus, angular momentum of the system is conserved about this point 
during the impact. Since the bell rotates about point O, (vg)3 = w3rog = @3(4.5). 
1 
The mass moment of inertia of the bell about its mass center is JG = D mkg? 
300 


aa (1.5”) = 20.96 slug - ft”. Thus, 


(Ho)2 = (Ho)s 


(7.522)(3) = SS [ «3(4.5)|(4.5) + 20.9603 — x) 


209.63w; — 6.988(vp)3 = 52.56 (1) 


Coefficient of Restitution: The impact point A on the bell along the line of impact 
(x axis) is [(a4)s |x = (3). Thus, 

[wala]: — (vP)s 

(vp)2 — [ade |e 


a —03(3) — (vp)3 
(=) oor -7.522 — 0 


303 + (vp)3 = 4.513 


Solving Eqs. (1) and (2), 


@3 = 0.365 rad/s (vp)3 = 3.42 ft/s 
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19-54. The 4-lb rod AB hangs in the vertical position. A 
2-lb block, sliding on a smooth horizontal surface with a 
velocity of 12 ft/s, strikes the rod at its end B. Determine 
the velocity of the block immediately after the collision. The 
coefficient of restitution between the block and the rod at B 
ise = 0.8. 


Conservation of Angular Momentum: Since force F due to the impact is internal to 
the system consisting of the slender rod and the block, it will cancel out. Thus, 
angular momentum is conserved about point A. The mass moment of inertia of the 


: : 1 4 cet 2 2 
slender rod about point A is I, = D Gale ) Y 359 (1.5 ) = 0.3727 slug: ft*. 


> (vg). : 
Here, w2 = a Applying Eq. 19-17, we have 


(Ha) = (Hah 


[15 (v5)1 |(r5) = La @2 + [mp (v5)2|(70) 


Gao = 0.3727, 2 | Galore 


Coefficient of Restitution: Applying Eq. 19-20, we have 


a (vg)2 = (vp)2 


© (i — (vs) 


a (vg) — (vp)2 
(+) Yaa ea ee 


Solving Eqs. (1) and (2) yields 
(vp)2 = 3.36 ft/s > 
(vg)2 = 12.96 ft/s = 
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19-55. The pendulum consists of a 10-lb sphere and 4-lb 
rod. If it is released from rest when 6 = 90°, determine the 
angle 6 of rebound after the sphere strikes the floor. Take 
e= 028. 


1/4 2/ 10 10 
ie 2) 4 0.3)7 4 ( Jesy = 181973 - ft? 
A 3 (5) ) (>) Y* \a99 Je) ame 


Just before impact: 


Datum through O. 


T+V=h+ Vy 


1 
0 + 4(1) + 102.3) = 5 (1.8197)0* + 0 
@) = 5.4475 rad/s 


v = 2.3(5.4475) = 12.529 ft/s 


Since the floor does not move, 
(vp) — 0 
+ = 0.8 = 
bet ).. 0 — (-12.529) 
(vp)3 = 10.023 ft/s 


10.023 
O35 sa 4.358 rad/s 


Tat Vala Wa 


1 
5 (1.8197)(4.358)" + 0 = 4(1 sin 6) + 10(2.3 sin 41) 


0, = 39.8° 
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*19-56. The solid ball of mass m is dropped with a 
velocity v; onto the edge of the rough step. If it rebounds 
horizontally off the step with a velocity v2, determine the 
angle 6 at which contact occurs. Assume no slipping when 
the ball strikes the step. The coefficient of restitution is e. 


Conservation of Angular Momentum: Since the weight of the solid ball is a 
nonimpulsive force, then angular momentum is conserved about point A. The mass 


moment of inertia of the solid ball about its mass center is Ig = 3m Here, 


cos 0 
@) = eS ; . Applying Eq. 19-17, we have 


(Ha) = (Ha) 


[ m, (v5): ](7") = Ig@, + [ my, (vp)2|(r") 


(mv,)(r sin 6) = (2 me)(% sos) + (mvy)(r cos 8) 


U2 5 
—=-tand 
V1 7 


Coefficient of Restitution: Applying Eq. 19-20, we have 


_ Oe (vp)2 
(vp)1 A) 
7 —(v2 sin 0) 


e 


—v, cos 6 


V2 ecoséd 


V1 sin 6 


Equating Eqs. (1) and (2) yields 
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R2-1. An automobile transmission consists of the 
planetary gear system shown. If the ring gear R is held fixed 
so that wr = 0, and the shaft s and sun gear S, rotates at 
20 rad/s, determine the angular velocity of each planet gear 
P and the angular velocity of the connecting rack D, which 
is free to rotate about the center shaft s. 


4 
For planet gear P: The velocity of point A is uy = w,r, = 20( *) = 6.667 ft/s. 


Vp =Vat VB/A 


0 = [6.667] + [«(4)] 


Pa 


(+) 0 = 6.667 — ofS) wp = 20 rad/s 


For connecting rack D: 


=Vat Vo/A 


ww -[o) 


‘— 


(+) Uc = 6.667 — 2o( =) Uc = 3.333 ft/s 


The rack is rotating about a fixed axis (shaft s). Hence, 


Uc = OpTp 


S ) @p = 6.67 rad/s 
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R2-2. An automobile transmission consists of the 
planetary gear system shown. If the ring gear R rotates at 
Wr = 2rad/s, and the shaft s and sun gear S, rotates at 
20 rad/s, determine the angular velocity of each planet gear 
P and the angular velocity of the connecting rack D, which 
is free to rotate about the center shaft s. 


For planet gear P: The velocity of points A and B are 
8 
=6.667 ft/s and vg = wgrg = (>) = 1.333 ft/s. 


Vea = VA + VB/A 


[5] [ose] +[(3) 


(+) 1.333 = 6.667 of 5) wp = 24rad/s 


For connecting rack D: 


Vo = Va t+ Voja 


vc] = [6oe7] + (3) | 


(+) Uc = 6.667 — 24( 2.) Uc = 2.667 ft/s 


The rack is rotating about a fixed axis (shaft s). Hence, 
Uc ~ dlp 


<) @p = 5.33 rad/s 


‘Uy=!-333f45 Voy2 dp Mra 
Wp = Wp GB) Wp 
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R2-3. The 6-lb slender rod AB is released from rest when 
it is in the horizontal position so that it begins to rotate 
clockwise. A 1-lb ball is thrown at the rod with a velocity 
v = 50 ft/s. The ball strikes the rod at C at the instant the 
rod is in the vertical position as shown. Determine the 
angular velocity of the rod just after the impact. Take 
e = 0.7 andd = 2 ft. 


Datum at A: 


T, + Vi, =7T.+ V2 


0+0= 3/3 ($5) fe" — 6(1.5) 


w = 5.675 rad/s 


G+ (Ha) = (Hah 


55.3012) - [3 (395 J” [es.675) = [F595 Jon + a5 a2) 


Vo — VBL 
50 — [-5.675(2)] 


e=07= 
Vo = 20 
Solving, 
@) = 3.81 rad/s 


VBL = —35.3 ft/s 
Vo = 7.61 ft/s 


w=5-675 rad/s 
we 


5b76(2) ft/s 
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*R2-4. The 6-lb slender rod AB is originally at rest, 
suspended in the vertical position. A 1-lb ball is thrown at 
the rod with a velocity v = 50 ft/s and strikes the rod at C. 
Determine the angular velocity of the rod just after the 
impact. Take e = 0.7 andd = 2 ft. 


G+ (Aa), = (Aa) 


—— \(50)(2) = |x (<2 03)? fon + aa (ran2) 
(ss) E & 32.2 


Vo — VBL 
50 — 0 


e=0.7 = 


Vee= 20 


@ = 7.73 rad/s 


VBL = 
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R2-5. The 6-lb slender rod is originally at rest, suspended 
in the vertical position. Determine the distance d where the 
1-lb ball, traveling at v = 50 ft/s, should strike the rod so 
that it does not create a horizontal impulse at A. What is the 
rod’s angular velocity just after the impact? Take e = 0.5. 


Rod: 


C+ (Ho +2 7 Meat CHES 


0+ [rad -15)=(Fomey)o 


m(vg) + x fF dt = m(vg)2 


0+ | Far=m(1s0) 
Thus, 
m(1.Sa)d ~ 1.5) = 5 (m)\G)-o 
d= 2ft 


This is called the center of percussion. See Example 19-5. 
G+ (Hah = (Ha) 


Vo — VBL 


= 05 = 50-0 


VES 20 


@2 = 6.82 rad/s 


VBL = —11.4 ft/s 


Ay ¢% a. 
\ |pet73. 
x 
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R2-6. At a given instant, the wheel rotates with the 
angular motions shown. Determine the acceleration of the Tt 
collar at A at this instant. 


- 
Using instantaneous center method: w = 8 rad/s ; 500 mm 
UB 8(0.15) a = lorad/s 
= = = 4.157 rad 
oan YB/IC 0.5 tan 30° a /s 


ay = 16(0.15)i — 8? (0.15)j = {2.41 — 9.6j} m/s” 2 


aS 
@)150 mm 


us 30° 


a, = —a,cos 60°% + ay sin 6075 a = ak ¥gia = {—0.5i} m 
ag = ag + a X py, — @ EBA 


2.41 — 9.6j = (—a,4 cos 60° + a, sin 60°9j) + (ak) X (—0.5i) — (4.157)2(—0.5i) 


2.4i — 9.6) = (—a, cos 60° + 8.64)i + (—0.5a + ay sin 60°)j 
Equating the i and j components yields: 
2.4 = —a, cos 60° + 8.64 a, = 12.5 m/s*<— 


—9.6 = —0.5a + (12.5)sin 60° a = 40.8 rad/s* 5 


dg), = 8°Co-15) m/s 
(2), = /6€0-15) m/s* 
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R2-7. The small gear which has a mass m can be treated as 
a uniform disk. If it is released from rest at 6 = 0°, and rolls 
along the fixed circular gear rack, determine the angular 
velocity of the radial line AB at the instant 6 = 90°. 


Potential Energy: Datum is set at point A. When the gear is at its final position 
(@ = 90°), its center of gravity is located (R — r) below the datum. Its gravitational 
potential energy at this position is -mg(R — r).Thus, the initial and final potential 
energies are 


Vi V2 => —mg(R — r) 


Kinetic Energy: When gear B is at its final position (6 = 90°), the velocity of its 


: UB. , aot 
mass center is vg = w,r or w, = — since the gear rolls without slipping on the 
r 


& & 


fixed circular gear track. The mass moment of inertia of the gear about its mass 


center is Ip = zm Since the gear is at rest initially, the initial kinetic energy is 


T, = 0. The final kinetic energy is given by 


1 1 
T> 5 Nv t 5 1B Oe 5 Nv 


Conservation of Energy: Applying Eq. 18-18, we have 


T, + V, =T,+ V2 


Thus, the angular velocity of the radical line AB is given by 


Pane UB 4g 
4B R-r V3(R-n 
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*R2-8. The 50-kg cylinder has an angular velocity of 
30 rad/s when it is brought into contact with the surface at 
C.If the coefficient of kinetic friction is 4, = 0.2, determine 
how long it will take for the cylinder to stop spinning. What 
force is developed in link AB during this time? The axis of 
the cylinder is connected to two symmetrical links. (Only 
AB is shown.) For the computation, neglect the weight of 
the links. 


mM(vay) + = Haan 
a i : “ 509.81) N 
0+ Ne(t) — 509.811) =0 Ne = 490.5N 

m(vax)1 + 2 fF dt = m(vax)2 


0 + 0.2(490.5)(t)—2F 4, (t)=0 Fay = 49.0N 


ty 
po, +> f Mp, dt = [par 
ty 


-| (50)(0.2" 0) + 0.2(490.5)(0.2)(t) = 0 


t=1.53s 


R2-9. The gear rack has a mass of 6 kg, and the gears each 
have a mass of 4 kg and a radius of gyration of k = 30mm 
about their center. If the rack is originally moving 
downward at 2 m/s, when s = 0, determine the speed of the 
rack when s = 600 mm. The gears are free to rotate about 
their centers, A and B. 


Originally, both gears rotate with an angular velocity of w, = = 40 rad/s. After 


0.05 
the rack has traveled s = 600 mm, both gears rotate with an angular velocity of 


Vv 
@) = nie where vy is the speed of the rack at that moment. 


Put datum through points A and B. 


T, +V,=7T,+ V2 


HOO + {{a0se]ao"| +QO= 3603 {3 (4003)](-%)}-sesny06) 


v2 = 3.46 m/s Ans. 
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R2-10. The gear has a mass of 2 kg and a radius of 

gyration k, = 0.15m. The connecting link AB (slender 

rod) and slider block at B have a mass of 4 kg and 1 kg, 

respectively. If the gear has an angular velocity w = 8 rad/s w = 8 rad/s 
at the instant 6 = 45°, determine the gear’s angular velocity 

when 6 = 0°. 


At position 1: 


1.6 
(@ag)1 > (va = — = 2.6667 rad/s (vg), =0 
TA/IC 0.6 


(vas) > (@aB)1 'G/IC — 2.6667(0.3) = 0.8 m/s 


At position 2: 


= 0.2357w> 


(vg)2 = (@,4B)2 TB/IC = 0.2357 w(0.6) = 0.14140, 
(vaB)2 = (@4B)2 'G/IC = 0.2357 @>(0.6708) = 0.15810 


Ty = =[(2)(0.15)"](8)? + 5 (2)(1.6) + 5 (4)(0.8) + 1 (4)(06) |(2.66679 


= 5.7067 J 


T = =[(2)(0.15)"|(w,)? + 5 (2)(02 @)? + 5 (4)(0.1581005) 


7 i] (4)(0.) 0235703) a 5 (1)(0.14 140)? 


Tz = 0.1258 w3 
Put datum through bar in position 2. 
V, = 2(9.81)(0.6 sin 45°) + 4(9.81)(0.3 sin 45°) = 16.6481]. V>=0 
T,+Vi=T)+V> 
5.7067 + 16.6481 = 0.125805 + 0 


w, = 13.3 rad/s 


(YY), 740-2) 


Ob 
Lire ~ Cos4h° 


Kenge = 06 40-3” 


= 0-:6708m 
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*R2-11. The operation of a doorbell requires the use of 
an electromagnet, that attracts the iron clapper AB that is 
pinned at end A and consists of a 0.2-kg slender rod to 
which is attached a 0.04-kg steel ball having a radius of 
6mm. If the attractive force of the magnet at C is 0.5 N 
when the switch is on, determine the initial angular 
acceleration of the clapper. The spring is originally 
stretched 20 mm. 


Equation of Motion: The spring force is given by Fy, = kx = 20(0.02) = 0.4 N. The 
1 
mass moment of inertia for the clapper AB is (I4g),4 = 7p (0-2)( 0.134”) + 


2 x 
0.2(0.067°) + =(0.04)(0.0067) + 0.04(0.147) = 1.9816(10-*) kg + m’. Applying 
Eq. 17-12, we have 


+2M,=I1,40; — 0.4(0.05) — 0.5(0.09) = -1.9816(10"+) a 


a = 12.6 rad/s” 


0-04 (9.80 N 


*R2-12. The revolving door consists of four doors which 
are attached to an axle AB. Each door can be assumed to be 
a 50-lb thin plate. Friction at the axle contributes a moment 
of 2 1b- ft which resists the rotation of the doors. If a woman 
passes through one door by always pushing with a force 
P = 15 |b perpendicular to the plane of the door as shown, 
determine the door’s angular velocity after it has rotated 
90°. The doors are originally at rest. 


Moment of inertia of the door about axle AB: 


12 \32.2 


Tap = 2| u (So = 18.6335 slug: ft? 


T, + XU,,=T, 


of {1s2(2) (2)| = 5 (18.6335) or 


w = 2.45 rad/s 
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R2-13. The 10-Ib cylinder rests on the 20-lb dolly. If the 
system is released from rest, determine the angular velocity 
of the cylinder in 2 s. The cylinder does not slip on the dolly. 
Neglect the mass of the wheels on the dolly. 


For the cylinder, 
ty 
CN) movee + Ef Fede = mover): 
q 


10 
0 + 10 sin 30°(2) — F(2) = Ga 


ty 
(C+) foo +B f Mc dt = Ig a2 
th 


1/ 10 
0 + F(0.5)(2) = |={ —~ ](0.5) 
(0.5)(2) (33) ? fo 
For the dolly, 
ty 
(4N) m(vpy), + z | Fy, dt = 
ty 


0 + F(2) + 20 sin 30°(2) = 


(+N) Vp =Vot VD/C 
Vp = Vo — 0.5@ 
Solving Eqs. (1) to (4) yields: 
wo =0 


Vo = 32.2 ft/s vp = 32.2 ft/s 
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R2-14. Solve Prob. R2-13 if the coefficients of static and 
kinetic friction between the cylinder and the dolly are 
bs = 0.3 and w = 0.2, respectively. 


For the cylinder, 


1) 
ES) moe es | pails 
ty 


10 
0 + 10 sin 30°(2) — F(2) = (Bo )ec 


ty 
(C+) feo + 3 | Mcdt = Ica, 
ty 


0 + F(0.5)(2) = E Gakoue 


For the dolly, 


ty 
Cn eS | dba tise); 
ty 


20 
0 + F(2) + 20 sin 30°(2) = Gaz 
(+N) Vp = Ve + Ypojc 
Vp = Vc — 0.5 
Solving Eqs. (1) to (4) yields: 
wo =0 
Vo = 32.2 ft/s vp = 32.2 ft/s 


Note: No friction force develops. 
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R2-15. Gears H and C each have a weight of 0.4 lb anda 
radius of gyration about their mass center of (ky)z = 
(Kc), = 2 in. Link AB has a weight of 0.2 Ib and a radius of 
gyration of (K4g),4 = 3 in., whereas link DE has a weight of 
0.15 Ib and a radius of gyration of (Kpz)g = 4.5 in. If a 
couple moment of M = 3 lb-ft is applied to link AB and 
the assembly is originally at rest, determine the angular 
velocity of link DE when link AB has rotated 360°. Gear C 
is prevented from rotating, and motion occurs in the 
horizontal plane. Also, gear H and link DE rotate together 
about the same axle at B. 


For link AB, 


6 
UB = MAaBl AB ~ WAB (4) = 05a, 


For gear H, 


1 6 
UB 7 ODE RD = 0.25ap5F 


Principle of Work and Energy: For the system, 


T, a DU 4-2 _ T> 


0 + 3(27) = ; (s3)(ia) IG vor) | (33)(G5) ote 


1/ 0.4 1 (0.15 \ (4.5 \7 1 (0.15 
+ ~{ —— ](0.25pe)? + =| { ~ }{( — ) loz +3 (33) 0.25@pg)" 
(os) DE) (SVS) Jobe 2 \ 37.9 0-258) 


@pg = 132 rad/s Ans. 
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*R2-16. The inner hub of the roller bearing rotates with 
an angular velocity of w; = 6 rad/s, while the outer hub 
rotates in the opposite direction at w, = 4 rad/s. Determine 
the angular velocity of each of the rollers if they roll on the 
hubs without slipping. 


w, = 4 rad/s 


Since the hub does not slip, v4 = o;7; = 6(0.05) = 0.3 m/s and vg = woro = 
4(0.1) = 0.4 m/s. 


Ve =Vat VB/A 


0,4 : [0,3| u 0.05 


(+1) 04=-03+40.05@ w= 14rad/sd 


YA20-3m/s 


0:05mM 
A = a 
0-05m ‘ Y,20-4m/s 


=4)(0.05) 
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R2-17. The hoop (thin ring) has a mass of 5 kg and is 
released down the inclined plane such that it has a backspin = grad 
: : w= 8 rad/s 
w = 8 rad/s and its center has a velocity vg = 3m/s as 
shown. If the coefficient of kinetic friction between the 
hoop and the plane is yu, = 0.6, determine how long the 
hoop rolls before it stops slipping. 


(+N) mvy, + » f Ryar = MVyy 


0 + N;, (1) — 5(9.81)t cos 30° = 0 


N;, = 42.479 N 


F, = 0.6N;, = 0.6(42.479 N) = 25.487 N 5(9-B1) N 


Y 


mv + & f Fede = meg 30 \ 


5(3) + 5(9.181) sin 30°(t) — 25.487t = 5vg 


(Hg)1 + = | Mc dt = (Hg) 
F.=25.4.87N 


~5(0.5)*(8) + 25.487(0.5)(t) = 5(0.5)( 7) 


Solving, 
Nn 


Vg = 2.75 m/s 


t= 1.32s 


R2-18. The hoop (thin ring) has a mass of 5 kg and is 
released down the inclined plane such that it has a backspin 
w = 8rad/s and its center has a velocity vg = 3m/s as 
shown. If the coefficient of kinetic friction between the 
hoop and the plane is pw, = 0.6, determine the hoop’s 
angular velocity 1 s after it is released. 


w= 8 rad/s 


See solution to Prob. R2-17. Since backspin will not stop int = 1s < 1.32, then 
(+N) mvy, + x fr, dt = mvyp 


0 + N, (t) — 5(9.81)t cos 30° = 0 


N, = 42.479 N 59.81) N y 


F,, = 0.6N,, = 0.6(42.479 N) = 25.487 N 30 ee 


(He) + z fim dt = (Hg) 


—5(0.5)?(8) + 25.487(0.5)(1) = —5(0.5)? w 


w = 2.19 rad/s 5 F.=25.487N 


Np, 
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R2-19. Determine the angular velocity of rod CD at the 
instant 6 = 30°. Rod AB moves to the left at a constant 


speed of v4g = 5 m/s. 


0.3 


x= = 0.3 cot 0 
tan 0 


&k = vag = —0.3 esc? 60 


Here 6 = cp, VaB = —5m/s and @ = 30°. 


—5 = —0.03 esc? 30°(wep) cp = 4.17 rad/s 
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*R2-20. Determine the angular acceleration of rod CD at 
the instant 6 = 30°. Rod AB has zero velocity, i.e., vag = 0, 
and an acceleration of a4g = 2 m/s’ to the right when 
0 = 30°. 


0.3 
x= = 0.3 cot 0 
tan 6 


x = vap = —0.3 csc” 60 


X = daz = 03) ese 60 — 2 csc” 6 cot ai" = 0.3 csc” a(2 cot 06? — i) 


Here 6 = WcD> VAB — 0, a4B ~ 2 m/s’, 0 om Qcp, and @ = 30°. 
0 = —0.3 csc” 30°(wep) cp = 0 


2 = 0.3 ese? 30°[2 cot 30°(0)? — acp] acp = —1.67 rad/s 
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R2-21. If the angular velocity of the drum is increased 
uniformly from 6 rad/s when t = 0 to 12 rad/s whent = 5s, 
determine the magnitudes of the velocity and acceleration 
of points A and B on the belt when ¢ = 1s. At this instant 
the points are located as shown. 


Angular Motion: The angular acceleration of drum must be determined first. 
Applying Eq. 16-5, we have 


O= + at 
12 =6+ a (5) 


1.20 rad/s? 


ae 


The angular velocity of the drum at ¢t = 1s is given by 


@ = @ + at = 6 + 1.20(1) = 7.20 rad/s 


Motion of P: The magnitude of the velocity of points A and B can be determined 
using Eq. 16-8. 


4 
va = Ug = or = 7.20 Cy aes 2.40 ft/s 


4 
a, = (4), =a,r = 120( *) = 0.400 ft/s? Ans. 


The tangential and normal components of the acceleration of points B can be 
determined using Eqs. 16-11 and 16-12, respectively. 


4 
) = 0.400 ft/s? 


= = 1.20 
(a:)B ar (= 


4 
fs, Die 2 = 2 
(a,)g = wr = (7.20 \( : 7) 17.28 ft/s 


The magnitude of the acceleration of points B is 


ap = V aye + (anyy = V0.4002 + 17.28? = 17.3 ft/s? 
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R2-22. Pulley A and the attached drum B have a weight 
of 20 lb and a radius of gyration of kg = 0.6 ft. If pulley P 
“rolls” downward on the cord without slipping, determine 
the speed of the 20-lb crate C at the instant s = 10 ft. 
Initially, the crate is released from rest when s = 5 ft. For 
the calculation, neglect the mass of pulley P and the cord. 


Kinematics: Since pulley A is rotating about a fixed point B and pulley P rolls down 
without slipping, the velocity of points D and E on the pulley P are given by 
Up = 0.4m, and vg = 0.8m, where wy is the angular velocity of pulley A. Thus, the 
instantaneous center of zero velocity can be located using similar triangles. 


x  xt+04 
0.404 0.80, 


x = 0.4 ft 


Thus, the velocity of block C is given by 
X=O-44t | 0.2K o2ft 


UC = 0.404 
0.6 0.4 


Uc = 0.604 


Potential Energy: Datumn is set at point B. When block C is at its initial and final 
position, its locations are 5 ft and 10 ft below the datum. Its initial and final 
gravitational potential energies are 20(—5) = —100 ft-lb and 20(—10) = —200 ft-lb, 
respectively. Thus, the initial and final potential energy are 


V; =—100ft-lb  V> = —200ft- Ib 


Kinetic Energy: The mass moment of inertia of pulley A about point B is 
20 


32.2 
initial kinetic energy is T, = 0. The final kinetic energy is given by 


Iz = mk} = (0.6?) = 0.2236 slug: ft”. Since the system is initially at rest, the 


1 
Tr = 5mcve + 5 Ip ws 


E (29 )eo.6e.) + 5 (0.2236) 4 


2% 32,2 


0.22364 


Conservation of Energy: Applying Eq. 18-19, we have 
T, + Vi, =T2+ V2 
0 + —100 = 0.2236w*, + (—200) 
w, = 21.15 rad/s 
Thus, the speed of block C at the instant s = 10 ft is 


vc = 0.6@4 = 0.6(21.15) = 12.7 ft/s 
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R2-23. By pressing down with the finger at B, a thin ring 
having a mass m is given an initial velocity v, and a 
backspin w,; when the finger is released. If the coefficient of 
kinetic friction between the table and the ring is p, 
determine the distance the ring travels forward before the 
backspin stops. 


Equations of Motion: The mass moment of inertia of the ring about its mass center 
is given by Ig = mr’. Applying Eq. 17-16, we have 


+T=F, = m(ag)y; N-mg=0 N = mg 
45 SF, = mag)x; wmg=mdg 4g = BS 


G+=MGg = Ica; mgr = mr’ a ate 
r 


Kinematics: The time required for the ring to stop back spinning can be determined 
by applying Eq. 16-5. 


(Cr) 


The distance traveled by the ring just before back spinning stops can be determine 
by applying Eq. 12-5. 


ee. Sera ere 
( 2 
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*R2-24. The pavement roller is traveling down the incline 
at v; = 5 ft/s when the motor is disengaged. Determine the 
speed of the roller when it has traveled 20 ft down the 
plane. The body of the roller, excluding the rollers, has a 
weight of 8000 Ib and a center of gravity at G. Each of the 
two rear rollers weighs 400 Ib and has a radius of gyration of 
k, = 3.3 ft. The front roller has a weight of 800 lb and a 
radius of gyration of kg = 1.8 ft. The rollers do not slip as 
they turn. 


The wheels roll without slipping, hence w = = 


rn} ( AOE Am BO) (Mon) «(oar 


4168.81 ft Ib 


1 (8000 + 800 + 800\ ,  1[ // 800 ¥ 
3.3)° |{ — 
+( 32.2 y (SS) ) (< 


166.753 v2 


Put datum through the mass center of the wheels and body of the roller when it is in 
the initial position. 


V¥,=0 
V = —800(20 sin 30°) — 8000(20 sin 30°) — 800(20 sin 30°) 
—96000 ft > Ib 
T, +V,=T+V> 
4168.81 + 0 = 166.753u* — 96000 


= 24.5 ft/s 


R2-25. The cylinder B rolls on the fixed cylinder A without 
slipping. If bar CD rotates with an angular velocity 
®cp = 5 rad/s, determine the angular velocity of cylinder B. 
Point C is a fixed point. 


Vp = 5(0.4) = 2 m/s 


2 
OR = 537 6.67 rad/s 
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R2-26. The disk has a mass M and aradius R. If a block of 
mass m is attached to the cord, determine the angular 
acceleration of the disk when the block is released from 
rest. Also, what is the distance the block falls from rest in 
the time t? 


Ih = LR 
0 2 


1 
C +=Mo = =tM,)y; mgR= 7 MR (a) + m(aR)R 


2mg 
a= ———— 
R(M + 2m) 


h 
The displacement h = R06, hence 6 = R 


1 2 
6 - Og Whine Oat 


04 t 
2\ R(M + 2m) 


mg 
=——_ 
M+2m 


Mg 


h 2 
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R2-27. The tub of the mixer has a weight of 70 lb and a 
radius of gyration kg = 1.3 ft about its center of gravity G. 
If a constant torque M = 60 Ib- ft is applied to the dumping 
wheel, determine the angular velocity of the tub when it has 
rotated @ = 90°. Originally the tub is at rest when 6 = 0°. 
Neglect the mass of the wheel. 


T, +e DU 4-2 —= T> 


0+ (=) — 70(0.8) = (aster ae 4), \osey 


w = 3.89 rad/s 


Oy ~M=60 Ib-ft 
70 lb 


*R2-28. Solve Prob. R2-27 if the applied torque is 
M = (506) lb: ft, where @ is in radians. 


T, oe XU 4_> = T> 


1/2 
1| / 70 1} 70 
+ — 70(0.8) = =| (  )(1.3)? Jo? + =| |(0.80)? 
0 | 506 dé — 70(0.8) (S)as Je 5 | [ose 


w = 1.50 rad/s 
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R2-29. The spool has a weight of 30 lb and a radius of 
gyration kg = 0.45 ft. A cord is wrapped around the spool’s 
inner hub and its end subjected to a horizontal force 
P =5lb. Determine the spool’s angular velocity in 4 s 
starting from rest. Assume the spool rolls without slipping. 


ty 
tao © [Made = Laer 
ty 


0 + 5(0.6)(4) = (35 )oasr + Gao 


@, = 12.7 rad/s 


R2-30. The 75-kg man and 40-kg boy sit on the horizontal 
seesaw, which has negligible mass. At the instant the man 
lifts his feet from the ground, determine their accelerations 
if each sits upright, i.e., they do not rotate. The centers of 
mass of the man and boy are at G,,, and Gy, respectively. 


G+3M,= 3(M,)a: — 40(9.81)(2) — 75(9.81)(1.5) 


= —4A0apz (2) — 75a (1.5) 
40(9-31) N 759-31) N 
Since the seesaw is rotating about point A, then £m m 


ap a 
a=—= 


m 


15 an = 0.75ap 


Solving Eqs. (1) and (2) yields: 


Am = 1.45 m/s” ay = 1.94 m/s? 
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R2-31. A sphere and cylinder are released from rest on 
the ramp at ¢ = 0. If each has a mass m and a radius r, 
determine their angular velocities at time ft. Assume no 
slipping occurs. 


Principle of Impulse and Momentum: For the sphere, 


ty 
(+G) tye +f M, dt = Iya 
ty 


0 + mg sin @(r)(t) = Ea + m? (os) 


5g sin 0 
cl eae 


(@s)2 = 7r 


Principle of Impulse and Momentum: For the cyclinder, 


ty 
(+G) toot f M, dt = Iya. 
aT 


0 + mg sin O(r)(t) = Ane + m? (wc) 


2g SD 


(@¢)2 = 37 
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*R2-32. At a given instant, link AB has an angular 
acceleration a4 z = 12rad/s* and an angular velocity 
w,pg = 4rad/s. Determine the angular velocity and angular 
acceleration of link CD at this instant. 


Vo = Va + Vo/B 


vo |_| 10 |, al 
30° 45°. y 
vc cos 30° = 10 cos 45° + 0 
vc sin 30° = — 10sin 45° + 2wzc 
@pc = 5.58 rad/s 


Vo = 8.16 ft/s 


8.16 
aca = Ts = 5.44 rad/s 


ac = ag + acyp 


(ac) = i 40 as 205.58)" ae ee | 


30°" 45°" 


—44.44 cos 60° + (ac), cos 30° = 30 cos 45° + 40 cos 45° + 62.21 
44.44 sin 60° + (ac), sin 30° = —30 sin 45° + 40 sin 45° + 2agc 
(ac), = 155 ft/s? ago = 54.4 rad/s? 


155 


bo 2 
13 103 rad/s* 5 


acp — 


Us= up % 
= 42.5) =O Fes 
) f 
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R2-33. At a given instant, link CD has an angular 
acceleration a¢cp = Srad/s* and an angular velocity 
®cp = 2 rad/s. Determine the angular velocity and angular 
acceleration of link AB at this instant. 


TIC-C _ 


= 1.464 ft 
sin 45° 


TIC-B 
_p = 1.793 ft 
sin 60° sin 75° C8 2 


@BC = 1.464 = 2.0490 rad/s 


vp = 2.0490(1.793) = 3.6742 ft/s 


= 1.47 rad/s 


ve _ (3.6742) 
TBA 2.5 
ve BY 


n= = > = 6 ft/s? 
(4c)n rcp 15 /s 


= 5.4000 ft/s? 


(ac), = acp('cp) = 5(1.5) = 7.5 ft/s? 
ag = ac t+ aX Fg — w FBC 
—5.400 cos 45°i — 5.400 sin 45°j — (ag), cos 45° + (ag), sin 45°j = 6 sin 30°% — 6 cos 30°55 
~7.5 cos 30°% — 7.5 sin 30°9j + (ak) X (—2i) — (2.0490)2(—2i) 


—3,818 — (ag),(0.7071) = 3 — 6.495 + 8.3971 


—3.818 + (ag),(0.7071) = —5.1962 — 3.75 — 2a 
(ap), = —12.332 ft/s” 


a = 1.80 rad/s” 


12.332 
CT oa aa 4.93 rad/s*>D 


Ag),= 5-40 FY/s Q),=754Ys* n= © St/s* 


V,= Weplep 
“= 205)=3f¢s 
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R2-34. The spool and the wire wrapped around its core 
have a mass of 50 kg and a centroidal radius of gyration of 
kg = 235 mm. If the coefficient of kinetic friction at the 
surface is 4, = 0.15, determine the angular acceleration of 
the spool after it is released from rest. 


Ig = mk? = 500(0.235)* = 2.76125 kg» m* 


tYSFy = mag)y; 509.81) sin 45° — T — 0.15Nz = 50aG 


+ \2Fy = m(ag)y; Nz — 50(9.81) cos 45° = 
C+iMg = Iga; T(0.1) — 0.15N (0.4) = 2.76125a 
The spool does not slip at point A, therefore 
ag = 0.la 
Solving Eqs. (1) to (4) yields: 
Nz = 346.8N T = 281.5N ag = 0.2659 m/s” 


a = 2.66 rad/s” D 


5009.81) N 
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R2-35. The bar is confined to move along the vertical and 
inclined planes. If the velocity of the roller at A is 
v4 = 6ft/s when @ = 45°, determine the bar’s angular 
velocity and the velocity of B at this instant. 


sp cos 30° = 5 sind 
Sp = 5.774 sin 6 
Sp = 5.774 cos 60 
5 cos @ = s4 + Sg sin 30° 
—5sin@6 = S4 + Sp sin 30° 
Combine Eqs. (1) and (2): 
—5 sin 0 6 = —6 + 5.774 cos 6(6)(sin 30°) 
—3.5360 = —6 + 2.0416 
w = 6 = 1.08 rad/s 
From Eq. (1), 


vp = Sp = 5.774 cos 45°(1.076) = 4.39 ft/s 


*R2-36. The bar is confined to move along the vertical 
and inclined planes. If the roller at A has a constant velocity 
of v4 = 6 ft/s, determine the bar’s angular acceleration and 
the acceleration of B when 6 = 45°. 


See solution to Prob. R2-35. 
Taking the time derivatives of Eqs. (1) and (2) yields: 
ap = Sp = —5.774 sin 0(8)? + 5.774 cos 0(6) 
—5 cos 0 6 — 5sin (6) = $4 + Sg sin 30° 
Substitute the data: 


ap = —5.774 sin 45°(1.076)* + 5.774 cos 45°(8) 


—5 cos 45°(1.076)? — 5 sin 45°(6) = 0 + ag sin 30° 


apg = —4.726 + 4.083 6 
dp = —8.185 — 7.0716 
Solving: 
6 = —0.310 rad/s” 


ag = —5.99 ft/s? 
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R2-37. The uniform girder AB has a mass of 8 Mg. 
Determine the internal axial force, shear, and bending 
moment at the center of the girder if a crane gives it an 
upward acceleration of 3 m/s’. 


Equations of Motion: By considering the entire beam [FBD(a)], we have 
+1TSF,= may; — 2T sin 60° — 8000(9.81) = 8000(3) 
T = 59166.86 N 
From the FBD(b) (beam segment), 
GC +2Mo = =(My)o; — M + 4000(9.81)(1) 
—59166.86 sin 60°(2) = —4000(3)(1) 
M = 51240N-m = 51.2kN-m 
4S YF. = m(ag),; 59166.86 cos 60° + N = 0 


N = —29583.43 N = —29.6kN 


+TXF, = m(ag)y; — 59166.86 sin 60° — 4000(9.81) — V = 4000(3) 


V=0 
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R2-38. Each gear has a mass of 2 kg and a radius of gyration 
about its pinned mass centers A and B of k, = 40 mm. 
Each link has a mass of 2 kg and a radius of gyration about 
its pinned ends A and B of k; = 50 mm. If originally the 
spring is unstretched when the couple moment 
M = 20N- mis applied to link AC, determine the angular 
velocities of the links at the instant link AC rotates 6 = 45°. 
Each gear and link is connected together and rotates in the 
horizontal plane about the fixed pins A and B. 


Consider the system of both gears and the links. 
The spring stretches s = 2(0.2 sin 45°) = 0.2828 m. 


T, aa XU 4_> = T> 


0+ {20(2) - £ eooyo.2s2s)| = 2{ Hey + 2004] 


w = 30.7 rad/s Ans, 


Note that work is done by the tangential force between the gears since each move. 
For the system, though, this force is equal but opposite and the work cancels. 


R2-39. The 5-lb rod AB supports the 3-lb disk at its end A. 
If the disk is given an angular velocity wp = 8 rad/s while 
the rod is held stationary and then released, determine the 
angular velocity of the rod after the disk has stopped 
spinning relative to the rod due to frictional resistance at the 
bearing A. Motion is in the horizontal plane. Neglect friction 
at the fixed bearing B. 


Conservation of Momentum: 


C+ X(Hg) = 2(Ag)2 


Gg)er|o-0-S)orb 


+|5 (<35)05¥ |e + (<35 Jeo 


w = 0.0708 rad/s 
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*R2-40. A cord is wrapped around the rim of each 10-lb 
disk. If disk B is released from rest, determine the angular 
velocity of disk A in 2 s. Neglect the mass of the cord. 


Principle of Impulse and Momentum: The mass moment inertia of disk A about 


1/ 10 
point O is Ig = 5) (3 = )(05" = 0.03882 slug - ft”. Applying Eq. 19-14 to disk A 


[FBD(a)], we have 


ty 
loo + =f Moat = Iga, 
ty 


( +) 0 — [T(2)](0.5) = —0.03882a 4 


. ‘ : : . 1 
The mass moment inertia of disk B about its mass center is Ig 7 ( 


0.03882 slug - ft”. Applying Eq. 19-14 to disk B [FBD(b)], we have 


ty 
mug) + 2 [Ry dt = m(v0,) 
10 
0 + T(2) — 10(2) = -(s5 ve 


ty 
Igo +f Mg dt = Iga, 
aT 
(G +) 0 — [T(2)](0.5) = —0.03882w, (3) 
Kinematics: The speed of point C on disk B is ve = war, = 0.5wy4. Here, 
Uc/G = ©BTcjg = 0.5@g which is directed vertically upward. Applying Eq. 16-15, 


we have 


Vo =VGt Vo/G 


0.5@,4 | = hv + | 0.50 


J { t 


O5ft 
(+1) -0.504 = —ug + 0.53% (4) 


We 
Solving Eggs. (1), (2), (3), and (4) yields: Cc f.|.\ 
w, = 51.5 rad/s Ans, 
@p = 51.52 rad/s ug = 51.52 ft/s T = 2.00 Ib wa 


V, 


(C) 
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R2-41. A cord is wrapped around the rim of each 10-Ib 
disk. If disk B is released from rest, determine how much 
time ¢ is required before A attains an angular velocity 
w, = 5rad/s. 


Principle of Impulse and Momentum: The mass moment inertia of disk A about 


1/ 10 
point O is Ig = ( los’ = 0.03882 slug: ft?. Applying Eq. 19-14 to disk A 


2\ 32.2 
[FBD(a)], we have 


Io oy ts » [Moat me Io @ 
(4) 0 — [T(t)](0.5) = —0.03882(5) (1) 


1/ 10 
The mass moment inertia of disk B about its mass center is Ig = s(as) 
(0.5?) = 0.03882 slug: ft”. Applying Eq. 19-14 to disk B [FBD(b)], 


we have 


t 
m(ve,)1 oe 2 f Rat = m(vg,)1 
q 


0+ T(t) — 10(t) = Gaz 


ty 
Igo, + xf Mg at = Ig @ 
q 


(G +) 0 — [T(t)](0.5) = —0.03882w (3) 


Kinematics: The speed of point C on disk B is uc = war, = 0.5(5) = 2.50 ft/s. 
Here, vcjg = ©g1cjg = 05g which is directed vertically upward. Applying Eq. 
16-15, we have 


Vo = VG ae VC/G 


20 = ra + | 05g 
{ J t 


(+1) —2.50 = —ug + 0.50% 
Solving Eqs. (1), (2), (3), and (4) yields: 
t = 0.1945 


wp = 5.00 rad/s ug = 5.00 ft/s T = 2.00 lb 
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R2-42. The 15-kg disk is pinned at O and is initially at rest. 
If a 10-g bullet is fired into the disk with a velocity of 
200 m/s, as shown, determine the maximum angle 6 to which 
the disk swings. The bullet becomes embedded in the disk. 


G+(Ho) = (Ho) 
1 
0.01(200 cos 30°)(0.15) = [[Fasvo4sy + 15(0.15)? | w 
w = 0.5132 rad/s 


T,; + V,=T7T,+ V2 


ae 
212 


(15)(0.15)? + 15(0.415)'| (0.5132) + 0 = 0 + 15(9.81)(0.15)(1 — cos 6) W=/5(7-8))N 


0 = 4.45° Ans. 


Note that the calculation neglects the small mass of the bullet after it becomes 
embedded in the plate, since its position in the plate is not specified. 
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R2-43. The disk rotates at a constant rate of 4 rad/s as it 
falls freely so that its center G has an acceleration of 
32.2 ft/s’. Determine the accelerations of points A and B on 
the rim of the disk at the instant shown. 


ay = ag + (agg); + (Asan 


[ane +] (aa)y | = [322] +0+ [wras | w = 4rad/s 
ie t J { 


(+) (a4)x = 0 


(+1) — (aa)y = —32.2 — (4)? (5) = —56.2 ft/s? = 56.2 ft/s” | 
ag = (aa)y = 56.2 ft/s? i) 


ap = ag + (agg): + (aBja)n 


(as).| ae Lens = [22] +0+ ay?) 
(+) (ag)x = —(4)°(1.5) = —24 ft/s” = 24 ft/s* — 


(+t) (ap)y = —32.2 ft/s? = 32.2 ft/s? | 


ag = V (ag). + (ap) = V24? + 32.2? = 40.2 ft/s? Ans. 


(4p) ; 
6 = tan! ({ . = tant( 22) = 53.3°7 Ans. 
aB)x 


Gy n= © 


“Tale 
= 421.5) ft/s* 


Ala) =O 


w= 4rad/s 
Years 


(Apy,), = WB ig 
2 = (U5) See 
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*R2-44. The operation of “reverse” for a three-speed 
automotive transmission is illustrated schematically in the 
figure. If the shaft G is turning with an angular velocity of 
cg = 60 rad/s, determine the angular velocity of the drive 
shaft H. Each of the gears rotates about a fixed axis. Note 
that gears A and B,C and D, E and F are in mesh. The 
radius of each of these gears is reported in the figure. 


90 
Lee 39 (60) = 180 rad/s 
B 


fal 30 
fn ®c = 5H (180) = 108 rad/s 


70 
@r = — (108) = 126 rad/s 
F 60 


R2-45. Shown is the internal gearing of a “spinner” used 
for drilling wells. With constant angular acceleration, the 
motor M rotates the shaft S to 100 rev/min in ¢t = 2s 
starting from rest. Determine the angular acceleration of 
the drill-pipe connection D and the number of revolutions 
it makes during the 2-s startup. 


For shaft S, 


®O= 0 + at 


100(277) 


Po O+as(2) as = 5.236 rad/s” 


Decay 
0 = 6 + a 
1 2 
6, =0+0+ 3 (5.236)(2)° = 10.472 rad 


For connection D, 


rs 60 
ap — as 


tp 150 


(5.236) = 2.09 rad/s” 


— TS = 90. _ 2 
Op = =e 05 = 150 (10.472) = 4.19 rad = 0.667 rev 
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R2-46. Gear A has a mass of 0.5 kg and a radius of 
gyration of kK, = 40 mm, and gear B has a mass of 0.8 kg 
and a radius of gyration of kg = 55 mm. The link is pinned 
at C and has a mass of 0.35 kg. If the link can be treated as a 
slender rod, determine the angular velocity of the link after 
the assembly is released from rest when 6 = 0° and falls to 
6 = 90°. 


Kinematics: The velocity of the mass center of gear A is up = 0.25 wep, and since is 
rolls without slipping on the fixed circular gear track, the location of the 
instantaneous center of zero velocity is as shown. Thus, 


Up = 0.25 @WcCD 


7 =o = = Seep (0.1) = 0.5 
ses I pjIc 0.05 Mcp UE = WAT EyIC = 5@cp (0-1) “cp 


The velocity of the mass center of gear B is vp = 0.125wep. The location of the 
instantaneous center of zero velocity is as shown. Thus, 


WB = 
TE/UIC)1 


Potential Energy: Datum is set at point C. When gears A, B and link AC are at their 

initial position (9 = 0°), their centers of gravity are located 0.25 m, 0.125 m, and 

0.125 m above the datum, respectively. The total gravitational potential energy when 

they are at these positions is 0.5(9.81)(0.25) + 0.8(9.81)(0.125) + 0.35(9.81)(0.125) 
= 2.636 N- m. Thus, the initial and final potential energy is 


V;=2636N-m V,=0 


Kinetic Energy: The mass moment of inertia of gears A and B about their mass center 


is Ip = 0.5(0.04) = 0.8(10°3) kg+m? and J, = 0.8(0.0557) = 2.42(10°3) kg- m?. 


1 
The mass moment of inertia of link CD about point C is Ic¢p)c = 2B (0.35)( 0.25?) + 


0.35(0.125?) = 7.292( 10°?) kg - m”. Since the system is at rest initially, the initial kinetic 


energy is 7, = 0.The final kinetic energy is given by 


1 1 1 
Ip wy 4 5B UE 5 Lr | 5 Ucn)e e¢p 


T> 5 Mav 4 2 


5 (0.5)(0.25 Wen) + 5 [0:8(10°) |(Saen)? + 5(0.8)(0.125 wepy 


+ 3[242(10°)]s wep) + 5{7.292(10-) (2) 
0.06577 wep 
Conservation of Energy: Applying Eq. 18-19, we have 
T, + V,=T,+V2 
0 + 2.636 = 0.06577 wep 


®cp = 6.33 rad/s 
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R2-47. The 15-kg cylinder rotates with an angular 
velocity of w = 40 rad/s. If a force F = 6N is applied to 
bar AB, as shown, determine the time needed to stop the 
rotation. The coefficient of kinetic friction between AB and 
the cylinder is u, = 0.4. Neglect the thickness of the bar. 


For link AB, 


G+=M,=0; 6(0.9)— N,;(0.5)=0 Ng =108N 


i 1 
les 3m = 5 (15)(0.15)? = 0.16875 kg - m? 


t3Mc=Ica;  —0.4(10.8)(0.15) = 0.16875(a) a = —3.84 rad/s? 


W@ = Wy + at 


0 = 40 + (—3.84) t 


t= 104s 


F= 6 N Ne =/0:8N 


E =MNe 
I5G.OI)N «= 0-4(/08N 


Ne by 


*R2-48. If link AB rotates at w4z = 6 rad/s, determine 
the angular velocities of links BC and CD at the instant 
shown. 


Link AB rotates about the fixed point A. Hence, 
UB = apr ap = 6(0.25) = 1.5 m/s 
For link BC, 
rpjic = 9.3 cos 30° = 0.2598 m rojic = 0.3 cos 60° = 0.15 m 


UB 1.5 
TB/IC 0.2598 


®BC — 


= 5.77 rad/s 
Uc = WRC 'C/IC = 5.77(0.15) = 0.8660 m/s 


Link CD rotates about the fixed point D. Hence, 


Uc = ®cD'CcD 


0.8660 = @cCD (0.4) @WcD = 2.17 rad/s 


VUp= /5m/s 
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R2-49. If the thin hoop has a weight W and radius r and is 
thrown onto a rough surface with a velocity vg parallel to 
the surface, determine the backspin, w, it must be given so 
that it stops spinning at the same instant that its forward 
velocity is zero. It is not necessary to know the coefficient of 
kinetic friction at A for the calculation. 


Equations of Motion: The mass moment of inertia of the hoop about its mass center 


2 — 


Ww 
is given by Ig = mr 2 r’. Applying Eq. 17-16, we have 


+ lee; = m(ag)y; 


5 YF, =m (ag)x3 


WwW 
C+=™MG = Ica; Wr=—ra 
iG G 1 g 


Kinematics: The time required for the hoop to stop back spinning can be 
determined by applying Eq. 16-5. 


(C+) 


The time required for the hoop to stop can be determined by applying Eq. 12-4. 
(+) v= U9 a ats 
0 = ug + (—Mg) fo 


UG 


i= 


It is required that ft; = 
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R2-50. The wheel has a mass of 50 kg and a radius of 
gyration kg = 0.4m. If it rolls without slipping down the 
inclined plank, determine the horizontal and vertical 
components of reaction at A, and the normal reaction at the 
smooth support B at the instant the wheel is located at the 
midpoint of the plank. The plank has negligible thickness 
and has a mass of 20 kg. 


Equations of Motion: Since the tire rolls down the plane without slipping, then 
ag = ar = 0.6a.The mass moment of inertia of the tire about its mass center is given 


by Ig = mk% = 50(0.4”) = 8.00 kg: m’. Applying Eq. 17-16 to [FBD(a)], we have 


ti Fy = m(ae)y; N — 50(9.81) cos 30° = 0 N = 424.79N 


509BDN oh a 


LDF y = m(ag)y; 50(9.81) sin 30° — Ff = 50(0.6a) (a) 4 ay x 
% 


Solving Eqs. [1] and [2] yields \ 
Fr =7546N — a@ = 5.660 rad/s” 

Equations of Equilibrium: From FBD(b). 

G+E5M,=0;  Np(4) — 20(9.81) cos 30°(2) — 424.79(2) = 0 


Nz = 297.35 N = 297N 


Ay + 297.35 cos 30° — 20(9.81) 
— 424.79 cos 30° — 75.46 sin 30° = 


Ay = 344N 


A, + 424.79 sin 30° — 75.46 cos 30° — 297.35 sin 30° = 0 


A, = 1.63N 
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e20-1. The anemometer located on the ship at A spins 
about its own axis at a rate w,, while the ship rolls about the x 
axis at the rate w, and about the y axis at the rate ay. 
Determine the angular velocity and angular acceleration of 
the anemometer at the instant the ship is level as shown. 
Assume that the magnitudes of all components of angular 
velocity are constant and that the rolling motion caused by 
the sea is independent in the x and y directions. 


® = 0,1 + wyj + wk 
Let O = @,i + a,j. 


Since w, and w, are independent of one another, they do not change their direction 
or magnitude. Thus, 


a=o= (0) aye + (wy + wy) X w, 


= 0+ (@,i + oj) X (ak) 


= @ 0,1 — 0, J 


20-2. The motion of the top is such that at the instant 
shown it rotates about the z axis at w, = 0.6 rad/s, while it 
spins at w) = 8 rad/s. Determine the angular velocity and 
angular acceleration of the top at this instant. Express the 
result as a Cartesian vector. 


= w + w 
= 0.6k + 8cos 45° j + 8 sin 45°k 
{5.66j + 6.26k} rad/s 
= @, + @ 
Let x, y, z axes have angular velocity of = a), thus 


o,=0 


Ans. 
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20-3. At a given instant, the satellite dish has an angular 
motion w, = 6 rad/s and @, = 3 rad/s” about the z axis. At 
this same instant 6 = 25°, the angular motion about the x 
axis is w) = 2 rad/s, and w) = 1.5 rad/s”. Determine the 
velocity and acceleration of the signal horn A at this instant. 


Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating 
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular 
velocity of the satellite at this instant (with reference to X, Y, Z) can be expressed in 
terms of i, j, k components. 


= {2i + 6k} rad/s 


Angular Acceleration: The angular acceleration a will be determined by 
investigating separately the time rate of change of each angular velocity component 
with respect to the fixed XYZ frame. w, is observed to have a constant direction 
from the rotating xyz frame if this frame is rotating at Q = w, = {6k} rad/s. 
Applying Eq. 20-6 with (w2),,, = {1.5i} rad/s”. we have 


@y = (>) xyz + ©, X @, = 1.51 + Ok X 21 = {1.51 + 12j} rad/s? 


Since w, is always directed along the Z axis (Q. = 0), then 
@ = (@)xyz + 0 X @ = {3k} rad/s? 


Thus, the angular acceleration of the satellite is 


a = @ + @ = {1.5i + 12j + 3k} rad/s? 


Velocity and Acceleration: Applying Eqs. 20-3 and 20-4 with the w and a obtained 
above andr, = {1.4 cos 25°j + 1.4 sin 25°k} m = {1.2688j + 0.5917k} m, we have 


V4 = @ X ry = (21 + 6K) X (1.2688j + 0.5917k) 


= {-7.6li — 1.18) + 2.54k} m/s 
=aXry4t+oX (@X ry) 
(1.3i + 12j + 3k) X (1.2688) + 0.5917k) 


+ (2i + 6k) X [(2i + 6k) X (1.2688j + 0.5917k)] 


= {10.4i — 51.6j — 0.463k} m/s” Ans. 
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*20-4. The fan is mounted on a swivel support such that 
at the instant shown it is rotating about the z axis at 
w; = 0.8 rad/s, which is increasing at 12 rad/s”. The blade is 
spinning at w, = 16 rad/s, which is decreasing at 2 rad/s’. 
Determine the angular velocity and angular acceleration of 
the blade at this instant. 


= @ + w2 
0.8k + (16 cos 30°% + 16 sin 30°k) 
= {13.91 + 8.80k} rad/s 
For @, OQ = @, = {0.8k} rad/s. 


(@2)xvz = (@2)xyz + OX wy 


= (—2 cos 30° — 2 sin 30°k) + (0.8k) X (16 cos 30°% + 16 sin 30°k) 


= {—1.7320i + 11.0851j — 1k} rad/s” 


Fora,, 2 = 0. 
(@)xvz = (@1)xyz + O X o1 
= (12k) +0 
= {12k} rad/s” 
a = @ = (a) xyz + (@2)xvz 


a = 12k + (—1.73201 + 11.0851j — 1k) 


= {-1.73i + 11.1j + 11.0k} rad/s? 
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e20-5. Gears A and B are fixed, while gears C and D are 
free to rotate about the shaft S. If the shaft turns about the z 
axis at a constant rate of w, = 4 rad/s, determine the 
angular velocity and angular acceleration of gear C. 


The resultant angular velocity w = w, + is always directed along the 
instantaneous axis of zero velocity IA. 


@ = @, + @ 

2 i 1 k 
0) a) 

V5 5 


Equating j and k components 


= 4k + woj 


w = —8.944 rad/s 


a) 


2 
(—8.944) = —8.0 rad/s 
5 


V5 


Hence w (—8.944)j ve 8.944)k = {—8.0j + 4.0k} rad/s 
5 


~2 
V5 


For 2, 2 = w, = {4k} rad/s. 


(@2) xyz = (@2)xyz + OD X wy 
= 0 + (4k) x (8)) 


= {32i} rad/s” 


(@) xyz = (@)xy; + O Xo = 0+0=0 


a = w = (@)xyz + (@2)xvz 


a = 0+ (32i) = {32i} rad/s? 
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20-6. The disk rotates about the z axis w, = 0.5 rad/s 
without slipping on the horizontal plane. If at this same 
instant w, is increasing at w, = 0.3 rad/s’, determine the 
velocity and acceleration of point A on the disk. 


w, = 0.5 rad/s | 


Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating 


frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular 
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in 300 mm ae a 
terms of i, j, k components. Since the disk rolls without slipping, then its angular 


velocity w = w, + w, is always directed along the instantaneous axis of zero 
velocity (y axis). Thus, 


@ = 0, T W, 
—aj = —w, cos 30°j — wy, sin 30°k + 0.5k 


Equating k and j components, we have 
0 = —a, sin 30° + 0.5 w, = 1.00 rad/s 


—w = —1.00 cos 30° w = 0.8660 rad/s wW 
fA — 


Angular Acceleration: The angular acceleration a will be determined by investigating 
the time rate of change of angular velocity with respect to the fixed XYZ frame. Since 
w always lies in the fixed X—Y plane, then w = {—0.8660j} rad/s is observed to have a 
constant direction from the rotating xyz frame if this frame is rotating at 
QO = w, = {0.5k} rad/s. (@5) xyz 


0.3 
sn 30° (Sim 30°) x} rad/s’ = {—0.5196j — 0.3k} rad/s’. 


xyz = {-0.5196j} rad/s”. Applying Eq. 20-6, we have 


—0.5196j + 0.5k X (—0.8660j) 


{0.43301 — 0.5196j} rad/s? 


Velocity and Acceleration: Applying Eqs. 20-3 and 20-4 with the w and a obtained 
above andr, = {(0.3 — 0.3 cos 60°)j + 0.3 sin 60°k} m = {0.15j + 0.2598k} m, we 
have 


V4 = @ X ry = (—0.8660j) X (0.15j + 0.2598k) = {—0.225i} m/s Ans. 
a, =aXrat+oX (w@X ry) 
= (0.43301 — 0.5196j) < (0.15j + 0.2598k) 
+ (—0.8660j) x [(—0.8660j) < (0.15j + 0.2598k)] 


= {—0.135i — 0.1125j — 0.130k} m/s” 
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20-7. If the top gear B rotates at a constant rate of w, 
determine the angular velocity of gear A, which is free to 
rotate about the shaft and rolls on the bottom fixed gear C. 


Vp = wk X (-rgj) = orpi 


i 


Vp = @, X (—rgj + Wyk) = Joa, 
0 


= (@gy hy + @gzFp)i — (4x hy)j — Orr ek 


Org = Way hy + Oa, TR 


k 


az] = (~@gy hy + W4,7c)i 


—h, 
'C 
Way ~ Waz hy 


From Eq. (1) 


h 
rR = ond ( 2) + rs| 
il 
= rph,o : (%2)( rpho ) 
a rch) + rphy ca hy rchy + raph, 


si ies (%2)( rph,@ )i ; ( rp hw )k 
a hy tcho + rah, J rchy + raph, 
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*20-8. The telescope is mounted on the frame F that 
allows it to be directed to any point in the sky. At the instant 
6 = 30°, the frame has an angular acceleration of 
y= 0.2 rad/s? and an angular velocity of @y = 0.3 rad/s 
about the y’ axis, and @ = 0.5 rad/s? while @ = 0.4 rad/s. 
Determine the velocity and acceleration of the observing 
capsule at C at this instant. 


a 


wy = 0.3 rad/s 
@y = 0.2 rad/s 


ere 0.4 rad/s 


6 = 05 rad/s” 


Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating 
frame (x, y, z) at the instant shown are coincident. Thus, the angular velocity of the 
frame at this instant is 


wo=6 0.41 + (0.3 cos 30°9j + 0.3 sin 30°k) 


= [-0.4i + 0.2598j + 0.15k] rad/s 


Angular Acceleration: w, is observed to have a constant direction relative 


y, 


to the rotating xyz frame which rotates at © = 6 = [-O4i] rad/s. With 


= ay = 0.2 cos 30°§ + 0.2 sin 30°k = [0.1732j + 0.1k] rad/s’, we obtain 


vy = (dy) aye + OX wy 


= (0.1732j + 0.1k) + (—0.4i) x (0.3 cos 30°j + 0.3 sin 30°k) 


= [0.2332j — 0.003923k] rad/s? 


Since 6 is always directed along the X axis (Q = 0), then 


6= ()xyz + 0X @ = [-0.5i] rad/s? 


Thus, the angular acceleration of the frame is 


a = wy + 6 = [-0.5i + 0.2332j — 0.003923k] rad/s? 


Velocity and Acceleration: 


Vo = @ X toe = (—0.4i + 0.2598] + 0.15k) X (10k) 


= [2.598i + 4.00j] m/s = [2.60i + 4.00j] m/s 
=aXfry t+ w X (@ X Fr.) 
= (—0.5i + 0.2332j — 0.003923k) X (10k) + (—0.4i + 0.2598] + 0.15k) x [(—0.4i + 0.2598] + 0.15k) x (10k)] 
= [1.7321 + 5.390j — 2.275k] m/s? 


= [1.73i + 5.395 — 2.275k] m/s” 
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e20-9. At the instant when 6 = 90°, the satellite’s body is 
rotating with an angular velocity of w; = 15 rad/s and 
angular acceleration of @, = 3 rad/s’. Simultaneously, the 
solar panels rotate with an angular velocity of w) = 6 rad/s 
and angular acceleration of @) = 1.5 rad/s”. Determine the 
velocity and acceleration of point B on the solar panel at 
this instant. 


Here, the solar panel rotates about a fixed point O. The XYZ fixed reference frame 
is set to coincide with the xyz rotating frame at the instant considered. Thus, the 
angular velocity of the solar panel can be obtained by vector addition of w, and w». 


15k] rad/s Ans, 


The angular acceleration of the solar panel can be determined from 


a= 0 = & + a 


: “Gred/, 
Wr*/5 rad/s 


If we set the xyz frame to have an angular velocity of Q = w, = [15k] rad/s, then 
the direction of w, will remain constant with respect to the xyz frame, which is along 
the y axis. Thus, 


@) 
@y = (@) xyz + 1 X @) = 1.5j + (15k X 6j) = [-90i + 1.5j] rad/s? 
Since w, is always directed along the Z axis when 1 = a, then 
@, = (1) xyz + @, X w, = [3k] rad/s? 
Thus, 
a = 3k + (—90i + 1.5j) 
= [-90i + 1.5j + 3k] rad/s” 
When 6 = 90°, roz = [—1i + 6j] ft. Thus, 
VB = © X rog = (6j + 15k) X (-1i + 69) 
= [-90i — 15j + 6k] ft/s 
and 
ap = a X Yop + w X (w X Fog) 
= (—90i + 15j + 3k) X (—1i + 6j) + (6j + 15k) X [(6j + 15k) X (-1i + 6j)] 


= [243i — 1353] + 1.5k] ft/s? Ans. 


874 


91962_11_s20_p0867-0924 6/8/09 5:07 PM Page 875 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


20-10. At the instant when 6 = 90°, the satellite’s body 
travels in the x direction with a velocity of v9 = {500i} m/s 
and acceleration of ag = {50i} m/s”. Simultaneously, the 
body also rotates with an angular velocity of w,; = 15 rad/s 
and angular acceleration of w, = 3 rad/s’. At the same 
time, the solar panels rotate with an angular velocity of 
w@) = 6rad/s and angular acceleration of @) = 1.5 rad/s” 
Determine the velocity and acceleration of point B on the 
solar panel. 


The XYZ translating reference frame is set to coincide with the xyz rotating frame 
at the instant considered. Thus, the angular velocity of the solar panel at this instant 
can be obtained by vector addition of w; and @. 


@ = a + @ = [6j + 15k] rad/s 


The angular acceleration of the solar panel can be determined from 


a=0=0, + a 


If we set the xyz frame to have an angular velocity of Q = w, = [15k] rad/s, then 
the direction of w, will remain constant with respect to the xyz frame, which is along V,=$00 m/s 


Q»50m/s% 


the y axis. Thus, 
@y = (>) xyz + ©, X @, = 1.5j + (15k X 6j) = [-90i + 15j] rad/s? x 
WX 


Since w, is always directed along the Z axis when 0 = q@, then 


@1 = (1) xyz + © X @ = [3k] rad/s? 


a = 3k + (—90i + 1.5j) 
= [-90i + 1.5j + 3k] rad/s? 


When 6 = 90°, rg/o = [—1i + 6j] ft. Since the satellite undergoes general motion, 
then 


Va = Vo + © X rpjo = (500%) + (6) + 15k) X (-1i + 6) 


= [410i — 15j + 6k] ft/s 


ag = ag + a X Fgi9 + @ X (@ X FBIo) 
= 501 + (—90i + 1.5j + 3k) X (—1i + 6j) + (6j + 15k) x [(6j + 15k) x (—1li + 6j)] 
= [293i — 1353] + 1.5k] ft/s? Ans. 
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20-11. The cone rolls in a circle and rotates about the 
z axis at a constant rate w, = 8 rad/s. Determine the 
angular velocity and angular acceleration of the cone if it 
rolls without slipping. Also, what are the velocity and 
acceleration of point A? 


Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating 
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular 
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in 
terms of i, j, k components. Since the disk rolls without slipping, then its angular 
velocity w = w, + w, is always directed along the instantaneuos axis of zero 
velocity (y axis). Thus, 


@ = as + O, 
—aj = —w, cos 45°j — w, sin 45°k + 8k 
Equating k and j components, we have 
0 = —a, sin 45° + 8 w, = 11.31 rad/s 


—w = —11.13 cos 45° w = 8.00 rad/s 


Thus, w = {—8.00j} rad/s Ans, 


Angular Acceleration: The angular acceleration a will be determined by 
investigating the time rate of change of angular velocity with respect to the fixed 
XYZ frame. Since w always lies in the fixed X—-Y plane, then w = {—8.00j} rad/s is 
observed to have a constant direction from the rotating xyz frame if this frame is 
rotating at OQ = w, = {8k} rad/s. Applying Eq. 20-6 with (@),,, = 0, we have 


a = @ = (@)xy, + @, X @ = 0 + 8k X (—8.00j) = {64.0%} rad/s Ans. 


Velocity and Acceleration: Applying Eqs. 20-3 and 20-4 with the w and a obtained 
above andr, = {0.16 cos 45°k} m = {0.1131k} m, we have 


V4 = © X t4 = (—8.00j) X (0.1131k) = {—0.905i} m/s Ans. 
a, =aXry4+oX (w X ry) 
(64.01) x (0.1131k) + (—8.00j) X [(—8.00j) x (0.1131k)] 


= {—7.24j — 7.24k} m/s” 
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*20-12. At the instant shown, the motor rotates about the 
z axis with an angular velocity of w; = 3 rad/s and angular 
acceleration of w; = 1.5 rad/s’. Simultaneously, shaft OA 
rotates with an angular velocity of w. = 6 rad/s and angular 
acceleration of @) = 3 rad/s’, and collar C slides along rod 
AB with a velocity and acceleration of 6 m/s and 3 m/s’. 
Determine the velocity and acceleration of collar C at this 
instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = @, = [3k] rad/s @ = [1.5k] rad/s? 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 
V4 = @ X Yo, = (3k) X (0.35) = [-0.9i] m/s 
a, = @ X To, + @ X (@ X Fog) 
= (1.5k) X (0.3j) + (3k) X @k X 0.3j) 
= [-0.45i — 2.7j] m/s” 


In order to determine the motion of point C relative to point A, it is necessary to 
establish a second x’y’z’ rotating frame that coincides with the xyz frame at the 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 
relative to the xyz frame of 0’ = w, = [6j] rad/s, the direction of (rca) xyz will 
remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of 
(rc/a)xye 


(Vo/a) xyz = (tc/a) xyz r [icya)eyc + @2 X (tc/a)xyz| 


= (—6k) + 6j X (—0.3k) 
= [-1.8i — 6k] m/s 


Since ©’ = w) has a constant direction with respect to the xyz frame, then 
Q! = @ = [3j] rad/s’. Taking the time derivative of (Rc/A) xyz» 


(acy) xyz = (Foya) xyz = [Cecpa)erye + Ww X (ecya)x'y'e'| + @ x (tcja) xyz + w X (t/a) xyz 


= [(—3k) + 6j X (—6k)] + (3j) X (—0.3k) + 6j X (—1.8i — 6k) 
= [-72.9i + 7.8k] m/s 
Thus, 


Vo = V4 + OX Yoya t+ (Ve/a)xyz 


= (—0.9i) + 3k X (—0.3k) + (—1.8i — 6k) 
= [-2.7i — 6k] m/s 
and 


ac = ag + OX rey + 1 X (OX Feya) + 20. X (Voja)xye + (Ac/A)xyz 


= (—0.45i — 2.7) + 1.5k X (—0.3k) + (3k) x [(3k) X (—0.3k)] + 2(3k) X (-1.8i — 6k) + (—72.9i + 7.8k) 


= [-73.35i — 13.5j + 7.8k] m/s Ans. 
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e20-13. At the instant shown, the tower crane rotates about 
the z axis with an angular velocity w, = 0.25 rad/s, which is 
increasing at 0.6 rad/s*. The boom OA rotates downward 
with an angular velocity w) = 0.4 rad/s, which is increasing os Obs ads 
at 0.8 rad/s’. Determine the velocity and acceleration of = 

point A located at the end of the boom at this instant. 


@ = @,°@) = {-0.4i + 0.25k} rad/s 

Q, = {0.25 k} rad/s 

@ = a. + O X w = (-0.8i + 0.6k) + (0.25k) X (—0.4i + 0.25k) 
= {-0.8i — 0.1j + 0.6k} rad/s? 

r4 = 40 cos 30°9j + 40 sin 30°k = {34.64j + 20k} ft 

v4 =@X4r4,=1-04i + 0.25k) X (34.64j + 20k) 


v4 = {-8.66i + 8.00j — 13.9k}ft/s Ans. 


a, = ary + w X v4 = (—0.8i-0.1j + 0.6k) X (34.64j + 20k) + (—0.4i + 0.25k) X (—8.66i + 8.00j — 13.9k) 


a, = {-24.8i + 8.29j — 30.9k}ft/s” Ans. 
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20-14. Gear C is driven by shaft DE, while gear B spins 
freely about its axle GF, which precesses freely about shaft 
DE. If gear A is held fixed (w,4 = 0), and shaft DE rotates 
with a constant angular velocity of wpz = 10 rad/s, 
determine the angular velocity of gear B. 


Since gear C rotates about the fixed axis (zaxis), the velocity of the contact point P 
between gears B and C is 


Vp = Wpr X tc = (10k) X (—0.15j) = [1.5i] m/s 


Here, gear B spins about its axle with an angular velocity of (wg), and precesses about 
shaft DE with an angular velocity of (w,),. Thus, the angular velocity of gear B is 


Bp = (@z)yj + (@p),k 
Here, rzp = [—0.15j + 0.15k] m. Thus, 
Vp = Wp X ¥rp 
L.5i = | (wp)y j + (wp), k] X (—0.15j + 0.15k) 
L.5i = [0.15(wg), — (—0.15)(wg). |i 
1.5 = 0.15(w,), + 0.15(ws), 
(wg)y + (wg), = 10 (1) 


Since gear A is held fixed, wz will be directed along the instantaneous axis of zero 
velocity, which is along the line where gears A and B mesh. From the geometry of Fig. a, 


(wp): 


= tan 45° (wz), = (@p)y (2) 
(@p)y 


Solving Eqs. (1) and (2), 


(wp) y = (wg), = S rad/s 


@p = [5j + 5k] rad/s 
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20-15. Gear C is driven by shaft DE, while gear B spins 
freely about its axle GF, which precesses freely about shaft 
DE. If gear A is driven with a constant angular velocity of 
w, = 5rad/s and shaft DE rotates with a constant angular 
velocity of @pz = 10 rad/s, determine the angular velocity 
of gear B. 


£. Mis 


Since gears A and C rotate about the fixed axis (z axis), the velocity of the contact 


point P between gears B and C and point P’ between gears A and B are wee’ TOaadls 


Vp = OpE Xtc = (10k) x (—0.15j) = [1.5i] m/s 


Vp = wa X ry = (—5k) X (—0.15j) = [-0.75i] m/s 


Gear B spins about its axle with an angular velocity of (wg), and precesses about 
shaft DE with an angular velocity of (wg),. Thus, the angular velocity of gear B is 


@p = (@p)yj + (wz). k 
Here, rpp = [—0.15j + 0.15k] m and rpp = [—0.15j — 0.15k]. Thus, 
Vp = Wp X ¥rp 
L.5i = | (w),j + (wg), k] X (—0.15j + 0.15k) 
L.Si = [0.15(wg)y + 0.15(wp), |i 
so that 
1.5 = 0.15(wp)y + 0.15(ws); 


(@p)y 2 (wz); = 10 


Vp = WB x Ipp 
—0.75i = |(wp)yj + (ws)-k] X (—0.15j — 0.15k) 


—0.75i = {0.15(wg), — 0.15(ws), |i 


0.75 = 0.15(wg), — 0.15(wg),y 
(@p)y — (@p)2 = 5 
Solving Eqs. (1) and (2), we obtain 
(wg)y = 7.5 rad/s 


(wg), = 2.5 rad/s 


@p = [7.5j + 2.5k] rad/s 
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*20-16. At the instant @ = 0°, the satellite’s body is 
rotating with an angular velocity of #, = 20 rad/s, and it has 
an angular acceleration of @ = 5 rad/s”. Simultaneously, the 
solar panels rotate with an angular velocity of w) = 5 rad/s 
and angular acceleration of w) = 3 rad/s’. Determine the 
velocity and acceleration of point B located at the end of one 
of the solar panels at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = @, = [20k] rad/s @ = @ = [5k] rad/s” 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 


V4 = @ X to, = (20k) X (1j) = [-20i] m/s 


= @ X Yon + @ X (@ X Fou) 
(5k) x (1j) + (208) x [(20i)  (Aj)] 
= [-5i — 400j] m/s? 


In order to determine the motion of point B relative to point A, it is necessary to 
establish a second x'y'z’ rotating frame that coincides with the xyz frame at the 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 
relative to the xyz frame of 0’ = w = [5i] rad/s, the direction of (1g/,)xyz Will 
remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of 


(t/a) xyz 


(Vea) xyz = (tB/A) xyz = [(tsyaeye + @ X (tg/a)xyz| 


= 0 + (Si) X (6j) 
= [30k] m/s 


Since ©’ = w) has a constant direction with respect to the xyz frame, then 
Q!' = @ = [3i] rad/s”. Taking the time derivative of (ta/A)xyzs 


(aga) xyz = (Fea) xyz = [Cesya)ey'e + w) X (tsa)ry'z'| + @) x (t/a) xyz + wy X (tea) xyz 


= [0 + 0] + (i) x (6j) + (Si) X (30k) 


= [-150j + 18k] m/s? 


= va t+ OX vga + (Vaya)xyz 


(—20i) + (20k) x (6j) + (30k) 


= [-140i + 30k] m/s 


ag =a,t+ 0X Yea + OX (OX rpg) + 20 X (Weya)eye + (Asjadaye 


= (—Si — 400j) + (5k) x (6j) + (20k) x [(20k) x (6j)] + 2(20k) x 30k + (—150j + 18k) 


= [-35i — 2950j + 18k] m/s” Ans. 
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e20-17. At the instant 6 = 30°, the satellite’s body is rotating 
with an angular velocity of #; = 20 rad/s, and it has an angular 
acceleration of @ = 5 rad/s’. Simultaneously, the solar panels 
rotate with a constant angular velocity of w, = 5 rad/s. 
Determine the velocity and acceleration of point B located at 
the end of one of the solar panels at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = @, = [20k] rad/s @ = @, = [5k] rad/s” 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 


V4 = @ X You = (20k) X (1j) = [-20i] m/s 


= 1 x YOA te @1 x (a x Toa) 

= (5k) X (1j) + (20k) X [(20k) x (1j)] 

= [—5i — 400j] m/s” 
In order to determined the motion of point B relative to point A, it is necessary to 
establish a second x’y’z’ rotating frame that coincides with the xyz frame at the 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 


relative to the xyz frame of ' = w, = [5k] rad/s, the direction of (1g/,)xyz Will 
remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of 


(ta/A)xyzs 
(Vp/A) xyz = (t/a) xyz = [isaeye + @ X (taya)xy2| 
= 0 + (Si) X (6 cos 30°j + 6sin 30° k) 


= [-15j + 25.98k] m/s 


Since ©’ = w) has a constant direction with respect to the xyz frame, then 
Q! = @) = 0.Taking the time derivative of (tg 4)xyz, 


(ap/a)xyz = (5) = (ts) 5 EPS (taja)v'y'e'| + w2 X (Weya)xye + @2 X (KBya) xyz 
XYZ xyz 


= [0 + 0] + 0 + (Si) X (—15j + 25.98k) 


= [-129.90j — 75k] m/s” 


Vp = Va + Q X pa + (Veya)xyz 
= (—20%) + (20k) X (6 cos 30° j + 6sin 30°k) + (—15j + 25.98k) 


= [-124i — 15j + 26.0k] m/s Ans, 


ag=a,t+ OX Ipjq + O X (O X vga) + 20 X (Weya)eyz + (ABja)xyz 


= (—Si — 400j)+(5k)x (6 cos 30°j + 6 sin 30° k)+(20k)x|(20k)x(6 cos 30° j + 6 sin 30°k) 


+2(20k)x (—15j + 25.98k)+(—129.90j — 75k) 


= [569i — 2608] — 75k]m/s” 
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20-18. At the instant 6 = 30°, the satellite’s body is 
rotating with an angular velocity of w,; = 20 rad/s, and it 
has an angular acceleration of #, = 5 rad/s’. At the same 
instant, the satellite travels in the x direction with a velocity 
of vo = {5000i} m/s, and it has an acceleration of 
ao = {500i} m/s”. Simultaneously, the solar panels rotate 
with a constant angular speed of w, = 5 rad/s. Determine 
the velocity and acceleration of point B located at the end 
of one of the solar panels at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = @, = [20k] rad/s @ = @, = [5k] rad/s? 


Since the body of the satellite undergoes general motion, the motion of points O 
and A can be related using 


V4 = Vo + @ X t4jo = 50001 + (20k) X (1j) = [4980i] m/s 


=agt Oo} x Tajo + @, X (a x Yo/A) 
(500%) + (5k) X (Ij) + (20k) X [(20k) x (1))] 


= [495i — 400j] m/s” 


In order to determine the motion of point B relative to point A, it is necessary to 
establish a second x'y'z’ rotating frame that coincides with the xyz frame at the 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity of 
Q! = w, = [Si] rad/s, the direction of (rg/4),x yz will remain unchanged with respect 
to the x’y’z’ frame. Taking the time derivative of (tg/4) xyz, 


(Vp/A) xyz oz (t/a) xyz = [(ipya)eye + @ X (tg/A)xy2| 


= 0+ (Si) X (6 cos 30°j + 6sin 30° k) 


= [-15j + 25.98k] m/s 


Since 0’ = w) has a constant direction with respect to the xyz frame, then 
QO, = @) = 0.Taking the time derivative of (1g/4)xyz, 
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20-18. Continued 


(ap/A) xyz = (Faya)xy2 = [ (faya)ary'e + w X (taja)v'y'e + @ x (t/a) xyz + @ X (fg/a) xyz 


= [0 + 0] + 0 + (Si) X (—15j + 25.98k) 


= [-129.90j — 75k] m/s” 


=vat OX veya + (Vaya) xyz 
= (4980i) + (20k) X (6cos 30° j + 6sin 30°k) + (—15j + 25.98k) 


= [48761 — 15j + 26.0k]m/s 


=a,+ 0x tga + OX (O X rg) + 20 X (Vasa)eye + (apsa)xyz 


= (495i — 400j)+ (5k)X(6 cos 30°j+6 sin 30° k) + (20k)x| (20k) (6 cos 30° j + 6 sin 30°k) 


+ 2(20k)x(—15j + 25.98k)+(—129.90j — 75k) 


= [10691 — 2608] — 75k] m/s” 


884 


91962_11_s20_p0867-0924 6/8/09 5:11 PM Page 885 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


20-19. The crane boom OA rotates about the z axis with a 
constant angular velocity of w,; = 0.15 rad/s, while it is 
rotating downward with a constant angular velocity of 
@ = 0.2 rad/s. Determine the velocity and acceleration of 
point A located at the end of the boom at the instant shown. 


@ = @, + @ = {0.2j + 0.15k} rad/s 
@ = W@W, — W) 
Let the x, y, z axes rotate at Q = @,, then 
wo =ow=|o|+ wo X a 
wo = 0 + 0.15k X 0.2j = {—0.03i} rad/s? 
ry = [V(110)? — (50)?]i + 50k = {97.981 + 50k} ft 
i j k 
V4 = WAlryg = 0 0.2 0.15 
97.98 0 50 
= {10i + 117j — 19.6k} ft/s 
i j ik i j 

a, = t+v,=|-0.03 0 O}| +/0 02 

97.98 0 50 10 14.7 


a, = {-6.12i + 3j — 2k} ft/s? 
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*20-20. If the frame rotates with a constant angular 
velocity of w, = {—10k} rad/s and the horizontal gear B 
rotates with a constant angular velocity of wg = {5k} rad/s, 
determine the angular velocity and angular acceleration of 
the bevel gear A. 


If the bevel gear A spins about its axle with an angular velocity of ws, then its 
angular velocity is 


@ = Ws + Wy 
= (w, cos 30°j + w, sin 30° k) — 10k 


= 0.86600, j + (0.50, — 10)k 


Since gear B rotates about the fixed axis (zaxis), the velocity of the contact point P 
between gears A and B is 


Vp = @p X Fg = (5k) X (1.5j) = [-7.Si]ft/s 
Since gear A rotates about a fixed point O then rgp = [1.5j] ft. Also, 


v = w X Yop 


P 
~7.5i = [0.8660,j + (0.50, — 10)k] x (1.59) 
~7.5i = —1.5(0.5@, — 10)i 

~7.5 = -1.5(0.5@, — 10) 


w, = 30 rad/s 


w, = 30cos 30° j + 30sin 30°k = [25.98j + 15k] rad/s 
w = 0.8660(30)j + [0.5(30) — 10]k = [26.0j + Sk] rad/s Ans. 


We will set the XYZ fixed reference frame to coincide with the xyz rotating 
reference frame at the instant considered. If the xyz frame rotates with an angular 
velocity of Q = w, = [—10k] rad/s, the direction of w, will remain constant with 
respect to the xyz frame. Thus, 
Ws — (5) xyz + Wp x Ws; 
= 0 + (—10k) X (25.98j + 15k) 
= [259.81i] rad/s” 


If O = @,, then w, is always directed along the z axis. Thus, 


Wp = (Wp)xyz + yp X w =0+0=0 


a@ = @ = @, + @, = (259.81i) + 0 = [260i] rad/s 
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¢20-21. Rod AB is attached to collars at its ends by ball- 
and-socket joints. If the collar A has a velocity of v, = 3 ft/s, 
determine the angular velocity of the rod and the velocity of 
collar B at the instant shown. Assume the angular velocity of 
the rod is directed perpendicular to the rod. 


Velocity Equation: Here, = rgy4 = {[0 — (—4)]i + (2 — 0)j + (0 — 4)k} ft 
= {4i + 2j — 4k} ft, v4 = Bi} ft/s, vg=vgj and w=o,i+ w,j t+ o,k. 
Applying Eq. 20-7, we have 


Vp = Vat @wX pa 


upj = 3i + (a, i + ,j + wk) X (4i + 2j — 4k) 


upj = (3 — 4a, — 2w,)i + (4a, + 40) j 4 
Equating i, j and k components, we have 
3 — 4w, — 20, = 0 
vp = 4a, + 4a, 
20, — 4a, = 0 
If w is specified acting perpendicular to the axis of the rod AB. then 


@°TB/A =0 


(oi + w,j + w,k)-(4i + 2j — 4k) = 0 


4m, + 20, — 4a, = 0 
Solving Eggs. [1], [2], [3] and [4] yields 
ug = 6.00 ft/s @, = 0.6667 rad/s 


wy = 0.3333 rad/s w, = 0.8333 rad/s 


Vz = {6.00j} ft/s 


w = {0.667i + 0.333j + 0.833k} rad/s 
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20-22. The rod AB is attached to collars at its ends by ball- 
and-socket joints. If collar A has an acceleration of 
a, = {8i} ft/s* and a velocity v4 = {3i} ft/s, determine the 
angular acceleration of the rod and the acceleration of collar B 
at the instant shown. Assume the angular acceleration of the 
rod is directed perpendicular to the rod. 


Velocity Equation: Here, gy, = {[0 — (-4)]i + (2 — 0)j + (0 — 4)kj ft 
= {4i + 2j — 4k} ft, vy = Bi} ft/s, vg =vugj and w=o,i+ w,j + ok. 
Applying Eq. 20-7. we have 


Vp = Vat @X Iga 


upj = 3i+ (ai + ,j + wk) X (4i + 25 — 4k) 


upj = (3 — 4ey — 2w.) i+ Go, + 40.) j + (20, — doy) k 


Equating i, j,k components, we have 
3 — 4w, — 20, = 0 
up = 4a, + 40, 
20, — 4w, = 0 
If w is specified acting perpendicular to the axis of rod AB, then 
org, = 0 
(@, i + w,j + w,k)-(4i + 2j — 4k) = 0 
4w, + 2w, — 4w, = 0 
Solving Eggs. [1], [2], [3] and [4] yields 
ug = 6.00 ft/s @, = 0.6667 rad/s 
wy = 0.3333 rad/s w, = 0.8333 rad/s 


Thus, w = {0.6667i + 0.3333j + 0.8333k} rad/s 


Acceleration Equation: With a = a,i + a,j + a,k and the result obtained above, 
applying Eq. 20-8, we have 


ag = a, +a X rp, + w X (w X pa) 


apj = 8i + (a,i + aj + ak) X (41 + 2j — 4k) 


888 


91962_11_s20_p0867-0924 6/8/09 5:13 PM Page 889 ? 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


20-22. Continued 


+(0.6667i + 0.3333] + 0.8333k) x [(0.6667i + 0.3333j + 0.8333k) x (4i + 2j — 4k) 


apj = (3 — 4a, — 2a,) i + (—2.50 + 4a, + 4a)j + (5 + 2a, — 4a,) k 


Equating i,j, k components, we have 
3 — 4a, — 2a, = 0 
ag = —2.50 + 4a, + 4a, 
5 + 2a, — 4a, = 0 
If a is specified acting perpendicular to the axis of rod AB, then 
a'¥p, = 0 
(a, i+ a,j + ayk)-(4i + 2 — 4k) = 0 
da, + 2a, — 4a, = 0 
Solving Eqs. [5], [6], [7] and [8] yields 
ap = —6.50 ft/s? a, = —0.7222 rad/s” 


ay = 0.8889 rad/s a, = —0.2778 rad/s” 


ag = {—6.50j} ft/s? 


a = {—0.722i + 0.8895 — 0.278k} rad/s? 
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20-23. Rod AB is attached to collars at its ends by ball-and- 
socket joints. If collar A moves upward with a velocity of 
v4 = {8k}ft/s, determine the angular velocity of the rod and 
the speed of collar B at the instant shown. Assume that the 
rod’s angular velocity is directed perpendicular to the rod. 


3 4 
vg = {8k} ft/s Ve = —Zusi + uek M4p = Oi + oj + wk 


=v t+ wap X TB/A 


Equating i,j, andk 


4 
1.50, = 5 UB 


Since w 4g is perpendicular to the axis of the rod, 
Mag tga = (@i + wyj + wk)-(15i — 2j — 1k) = 0 
1.50, — 2a), — w, = 0 
Solving Eqs.(1) to (4) yields: 
@, = 1.1684 rad/s wy = 1.2657rad/s w, = —0.7789 rad/s 
vg = 4.71 ft/s 


Then w,4g = {1.17i + 1.27j — 0.779k} rad/s 
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*20-24. Rod AB is attached to collars at its ends by ball-and- 
socket joints. If collar A moves upward with an acceleration of 
a, = {4k}ft/s*, determine the angular acceleration of rod AB 
and the magnitude of acceleration of collar B. Assume that the 
rod’s angular acceleration is directed perpendicular to the rod. 


From Prob. 20-23 
@ag = {1.16841 + 1.2657j — 0.7789k} rad/s 
rp-4 = {1.5i — 2j — 1k} ft 


4p = Ai + ayj+a,k 


3 4 
a, = {4k} ft/s? ap = — = apit+ —agk 


ag = a, + agp X pa + Wag X (Wag X ¥p/a) 


3 4 
5 pit Sagk = 4k + (ai + a,j + a,k) X (1.5% — 2j — 1k) 


+(1.1684i + 1.2657j — 0.7789k) 


x| (1.16841 + 1.2657j — 0.7789k) x (1.5i — 2j — 1k)] 


Equating i, j, and k components 


3 
t 2a, — 5.3607 = — ap 


15a, + 7.1479 = 0 


x 


4 
7.5737 — 2a, — LSay = a 


Since a 4p is perpendicular to the axis of the rod, 
aap YBa = (@,1 + ayj + a,k)-(1.5i — 2j — 1k) = 0 
15a, — 2ay —a,=0 
Solving Eqs.(1) to (4) yields: 
a, = —2.7794rad/s* ay = —0.6285rad/s?_ sw, = —2.91213 rad/s* 


ap = 17.6 ft/s? 


Then a4, = {—2.78i — 0.628j — 2.91k} rad/s” 
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e20-25. If collar A moves with a constant velocity of 
v4 = {10i} ft/s, determine the velocity of collar B when 
rod AB is in the position shown. Assume the angular 
velocity of AB is perpendicular to the rod. 


Since rod AB undergoes general motion v,, and vz can be related using the relative 
velocity equation. 


Vp = V4 t Wap X Bia 


4 3 
Assume vz = rag - gvek andw,4g = (@4g)xi + (@az)yj + (@4z), k. Also, 


Iga = [—2i + 4j — 4k] ft. Thus, 


4 3 
5 vpi 5 vgk = 101 4 (osn)si + (@ap)yj + (oso) | X (—2i + 4j — 4k) 


£ yi — 2 vgk = [10 ~ 4e40)y — 4(oan)e ft + [4(wan)e ~ 20040): |) + | 4(eaa)e + 2040s fk 


Equating the i,j, and k components 
4 
5 vp = 10 — 4(wap)y — 4(@aB)z 


0 = 4(@4p)x — 2(@aB)z 
_ VB = 4(@ap)x + 2(@aB)y 
The fourth equation can be obtained from the dot product of 
MB tps = 0 
(@4g)xi + (@aB)yj + (@4n)K|*(-2i + 4j — 4k) = 0 
—2(wap)x + 4(@aB)y — 4(@aB)z = 0 
Solving Egs. (1) through (4), 
(@4p)x = 1.667 rad/s (wag)y = 4.167 rad/s (wap) = 3.333 rad/s 


Va = —25 ft/s 


vp =( 25)i = ( 25)k = [—20i + 15k] ft/s 
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20-26. When rod AB is in the position shown, collar A 
moves with a velocity of v4 = {10i} ft/s and acceleration of 
a, = {2i} ft/s’. Determine the acceleration of collar B at 
this instant. Assume the angular velocity and angular 
acceleration of AB are perpendicular to the rod. 


For general motion, a, and ag can be related using the relative acceleration 
equation. 


ag = ag t+ agg X ¥pi4 + Og X (4B X ¥pya) 


Using the result of Prob. 19-17, #4, = [1.667i + 4.166j + 3.333k] rad/s. 


3 
Assume ag = 5 Bi — 5 7k and aap = (Aap)xi + (@4p)yj + (@4p)-k. Also, 


tga = [—2i + 4j — 4k] ft. Thus, 
4 3 
5 api 5 ask = 214 (Con ic (aaB)yj ac (ass)ck | x (-2i + 4j = 4k) 


(1.667 + 4.166j + 3.333k) X [(1.667i + 4.166] + 3.333k) x (-21 + 4j — 4k)] 
3 ‘ { 
5 agk = 64. A(aap)y — seas): + [4(a48)x — 2(aaB)z — 125]j + saan). + 2(aap)y + 125 |k 


Equating the i, j, and k components 


4 
5 4B = 64.5 — 4(a4z)y — 4(a4)z 


0= A(a az) ~ 2(aaz)z — 125 


3 
—5 4B = A(ayg)y + 2(a@4B)y + 125 


The fourth equation can be obtained from the dot product of 
aap tps = O 
(a@4B)xi + (@4B)yj + (az) |*(—2i + 4j — 4k) = 0 
—2(a4pz)x + 4(@az)y — 4(@4n)2 = 0 
Solving Eqs. (1) through (4), 
(a4p)x = 94.08 rad/s” (a4g)y = 172.71 rad/s? (a,4g); = 125.67 rad/s* 


ap = —1411.25 ft/s? 


4 3 
ay = = (—1411.25)i — <(—1411.25)k = [-1129i + 846.75k] ft/s Ans. 
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20-27. If collar A moves with a constant velocity of 
v4 = {3i} m/s, determine the velocity of collar B when rod 
AB is in the position shown. Assume the angular velocity of 
AB is perpendicular to the rod. 


Since rod AB undergoes general motion v,, and vz can be related using the relative 
velocity equation. 


Vp = V4 t Wap X IBia 
Assume Vg = Vg j,@aB = (osn)ei + (@az)yj + (@az)z kana 


¥g/4 = [0.2i + 0.6j — 0.3k] ft. Thus, 


vaj = 3it+ oandsi + (wag),j + (osn)-k| X (0.21 + 0.6 — 0.3k) 


vei= E — 0.3(@48)y — 0.6(0 40) + [0.3(wag)x + 0.2(waz)z|j + 0.6048) — 0.2(w48), {k 


Equating the i,j, and k components 
0 = 3 — 0.3(waz)y — 0.6(waz)z () 
vp = 0.3(4p) + 0.2(W4R)z (2) 
0 = 0.6(w4g), — 0.2(w4B)y (3) 
The fourth equation can be obtained from the dot product of 
@aB°tB/A = 0 
[(wap)ri + (wap)yj + (@ap)- k] + (0.2i + 0.65 — 0.3k) = 0 
0.2(@4R)x + 0.6(w4g)y — 0.3(@4zR), = 0 
Solving Egs. (1) through (4), 
(@4p)x = 0.6122 rad/s (wag)y = 1.837 rad/s (@,4B)z = 4.082 rad/s 


vg = 1m/s 


Ve = [1j]m/s 
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*20-28. When rod AB is in the position shown, collar A 
moves with a velocity of v, = {3i} m/s and acceleration of 
a, = {0.5i} m/s’. Determine the acceleration of collar B at 
this instant. Assume the angular velocity and angular 
acceleration of AB are perpendicular to the rod. 


For general motion, a, and a, can be related using the relative acceleration 
equation. 


ag = ay + agg X ¥pyq + Wap X (4B X ¥p/a) 
Using the result of Prob. 19-22, #4, = [0.6122i + 1837j + 4.082k] rad/s 


Also, ag = 4g ),@48 = (A4g)xi + (@ag)yj + (4g), k, and 
rg = [0.2i + 0.6j — 0.3k] m. Thus, 


az j = (0.5%) + (easel + (aap)yj + (cs)ck | x (0.21 + 0.6j — 0.3k) 
+(0.6122i + 1837j + 4.082k) x [(0.6122i + 1837j + 4.082k) x (0.2i + 0.6j — 0.3k)] 


api = -|03¢e4n), + 0.6(a4z). + 3.5816 + [0.3(a4p)x + 0.2(aag), — 12.2449]j + [0.6(a,8) — 0.2(a4p)y + 6.1224 |k 


Equating the i, j, and k components 
0= -|03¢e4n), + 0.6(a 43), + 3.5816] a) 
ag = 0.3(a@,4p)y + 0.2(a ag), — 12.2449 (2) 
0 = 0.6(a4g)x — 0.2(a4g)y + 6.1224 (3) 
The fourth equation can be obtained from the dot product of 
aap tps = 0 
[(a@ap)xi + (wag)y i + (wag). k]- (0.21 + 0.6] — 0.3k) = 0 
0.2(a4g)x + 0.6(a4z)y — 9.3(a48), = 0 
Solving Eqs. (1) through (4), 
(ajg)x = —10.1020 rad/s? (ayg)y = 0.3061rad/s* (4g), = —6.1224 rad/s” 


ap = —16.5 m/s” 


ag = [—16.5j]m/s* 


895 


91962_11_s20_p0867-0924 6/8/09 5:19 PM Page 896 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


e20-29. If crank BC rotates with a constant angular 
velocity of wgc = 6 rad/s, determine the velocity of the 
collar at A. Assume the angular velocity of AB is 
perpendicular to the rod. 


@Bc, OBce 


Here, r¢jg = [—0.3i] m and wgc = [6k] rad/s. Since crank BC rotates about a fixed 
axis, then 


Vp = ap X rac = (6k) X (—0.3i) = [-1.8j] m/s 


Since rod AB undergoes general motion v,, and vz can be related using the relative 
velocity equation. 


Va = Va t+ Wap X Ya/B 


Here, VB vak, WAB = [Coan)ei oe (Waz)yj + (o4p)-k and 
¥4/g = [-0.3i — 1j + 0.8k] m. Thus, 


vak = —1.8j oe oapei oe (@aB)yj “fe (@,B)z k| x (—0.3i = Vj + 0.8k) 


vak = Don + (os0):]i-|08(040). + 0.3(@ 48), + 18|j + [0:3(0a0) — (@4p)x |k 


Equating the i,j, and k components 
0 = 0.8(@4B)y + (@aB)z () 
0= [08040 + 0.3(@ag)z + 13] (2) 
Vac 0.3(@aB)y — (@4B)x (3) 
The fourth equation can be obtained from the dot product of 
Map tap = 0 
(wap)xi + (@aB)yj + (as)z k| *(—0.3i — 1j + 0.8k) = 0 


—0.3(@4B)x — (@ap)y + 0.8(@48), = 0 


Solving Egs. (1) through (4), 

(@4g)x = —2.133 rad/s (@az)y = 0.3902rad/s (wap); = —0.3121 rad/s? 
Va = 2.25 m/s 

Then, 


v4 = [2.25k]m/s 
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20-30. If crank BC is rotating with an angular velocity 
of @gc = 6rad/s and an angular acceleration of 
@pc = 1.5 rad/s’, determine the acceleration of collar A at 
this instant. Assume the angular velocity and angular 
acceleration of AB are perpendicular to the rod. 


@Bc, Opce 


Here, rcg = [—0.3i] m and age = [1.5k] rad/s”. Since crank BC rotates about a 
fixed axis, then 


ap = apc X ¥cp + Wgc X (gc X rcp) = (15k) X (—0.3i) + 6k X [(6k) X (—0.3i)] 
= [10.8i — 0.45j] m/s? 
For general motion, a, and a, can be related using the acceleration equation. 
ay = ag t+ yg X Lajp + Ogg X (az X Lap) 
Using the result of Prob. 20-29, w 4, = [—2.133i + 0.3902j — 0.3121k] rad/s. 
Also, a4 = 44k, aag = (4g)xi + (@4g)yj + (az): k, and 


ra/p = [—0.3i — 1j + 0.8k] m. Thus, 


a4k = (10.81 — 0.45j) + [(aag)x i + (@4g),i + (aan). k| X (—0.3i — 1j + 0.8k) 


+(—2.133i + 0.3902j — 0.3121k) x [(—2.133i + 0.3902j — 0.3121k) x (—0.3i — 1j + 0.8k)] 


aak = [0.8(a4g)y + (aap): + 12.24]i + [4.349 — 0.8(aag)x — 0.3(@az)z|j + [0.3(a48)y — (@4n)x — 3.839]k 


Equating the i,j, and k components 
0 = 0.8(a4R)y + (@4g)z + 12.24 () 
0 = 4.349 — 0.8(a4g), — 0.3(a 48), (2) 
a, = 0.3(a48)y — (@AB)x — 3.839 (3) 
The fourth equation can be obtained from the dot product of 
QB °TA/B = 0 
[(@an)xi + (wag)yi + (wag). k]-(—0.3i — 1j + 0.8k) = 0 


—0.3(a4B)x — (@aB)y + 0.8(a4R), = 0 


Solving Eqs. (1) through (4). 
(a4g)x = 7.807 rad/s? (a4g)y = —7.399rad/s* (agg), = —6.321 rad/s” 


a4 = —13.9 m/s” 


a, = [-13.9k]m/s” 
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20-31. Rod AB is attached to collars at its ends by ball- 
and-socket joints. If collar A has a velocity v4, = 15 ft/s at 
the instant shown, determine the velocity of collar B. 
Assume the angular velocity is perpendicular to the rod. 


v4 = {15i} ft/s Vp = ugk 4p = Oxi + aj + ok 


tga = {-2i + 6j — 3k} ft 


Vp = V4 + Wap X TB/A 
ij 
upk = 15i+ |@, oy 
—2 6 -3 
Equating i,j, and k components yields: 
15 — 3, — 60, = 0 
3a, —-20,=0 
6, + 2m, = vg 
If wp 1s perpendicular to the axis of the rod, 


Map tga = (@yi + w,j + w,k)+ (—2i + 6j — 3k) = 0 


Solving Eqs. (1) to (4) yields: 
@, = 1.2245 rad/s wy = 1.3265 rad/s w, = 1.8367 rad/s vg = 10 ft/s 
Note: v, can be obtained by solving Eqs. (1)-(3) without knowing the direction of w 


Hence wyg = {1.2245i + 1.3265j + 1.8367k} rad/s 


Vz = {10k} ft/s 
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*20-32. Rod AB is attached to collars at its ends by ball- 
and-socket joints. If collar A has a _ velocity of 
v4 = {15i} ft/s and an acceleration of a, = {2i} ft/s” at 
the instant shown, determine the acceleration of collar B. 
Assume the angular velocity and angular acceleration are 
perpendicular to the rod. 


From Prob. 20-31 
Wag = {1.22451 + 1.3265j + 1.8367k} rad/s 
tga = {—2i + 6j — 3k} ft 
aap = a,i+ a,j +a,k 
a, = {2i)} ft/s? ag = agk 


ag = ay + agp X pa + Wag X (Wag X ¥p/a) 


agk = 21+ (a,i + a,j + ak) X (—2i + 6j — 3k) 


+(1.2245i + 1.3265j + 1.8367k) 


x| (1.22451 + 1.3265j + 1.8367k) x (—2i + 6j — 3k)| 


Equating i,j, and k components yields: 
15.2653 — 3a, — 6a, = 0 


3a, — 2a, — 39.7955 = 0 


x 


6a, + 2a, + 19.8975 = ag 


If a,4z is perpendicular to the axis of the rod, 


AaB YB/A = (ay i t ayj t ak) - ( 2i 4 6j 3k) = 0 


2a, + bay — 3a, = 0 
Solving Eqs. (1) to (4) yields: 
a, = 13.43 rad/s* ay = 4.599 rad/s? a, = 0.2449 rad/s” ag = 109.7 ft/s 
Note: ag can be obtained by solving Eqs. (1)-(3) without knowing the direction of a 


Hence ag = {110k} ft/s? Ans. 
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¢20-33. Rod AB is attached to collars at its ends by ball- 
and-socket joints. If collar A has a speed v4, = 3 m/s, 
determine the speed of collar B at the instant shown. 
Assume the angular velocity is perpendicular to the rod. | 


fp 
1m 
| 
x 


1.5 


_“4 
ye ae 


Velocity Equation: Here, rg/4 = {(2 — 0)j + (0 — 1k)m = {2j — 1k} m, 
(0-— 15)i+ (2—-0)j 
V(0 — 1.5)? + (2 — 0” 
@ = @,i + a,j + w,k. Applying Eq. 20-7, we have 


v4 = {-3k} m/s, vg = vs] | = —0.6 vgi + 0.8 vgj and 


Vp = Vat @X Fp 


—0.6 vgi + 0.8 ugj = —3k + (@,i + w,j + ok) X (2j — 1k) 


—0.6 vgi + 0.8ugj = (—@ 


y — 2w,)i + w,j + (20, — 3)k 
Equating i, j and k components, we have. 
—0.6 vg = —ay — 20, 
0.8 vz = o, 
0 = 2, — 3 
If w is specified acting perpendicular to the axis of the rod AB, then 
orga = 0 
(@,i + w,j + w,k):(2j — 1k) = 0 
2wy —w,=0 
Solving Eqs. [1], [2], [3] and [4] yields 
vg = 1.875 m/s 


@, = 1.50 rad/s wy = 0.225 rad/s w, = 0.450 rad/s 
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20-34. Ifthe collar at A in Prob 20-33 has an acceleration 
of a, = {—-2k}m/s* at the instant its velocity is 
v4 = {—3k} m/s, determine the magnitude of the 
acceleration of the collar at B at this instant. Assume the 


angular velocity and angular acceleration are perpendicular 
to the rod. 


Velocity Equation: Here, rg/4 = {(2 — 0)j + (0 — 1) k}m = {2j — 1k) m, 
(0 — 1.5)i + (2 — 0)j : . 
v4 = { — 3k} m/s,vg = vg = —0.6 vgi + 0.8 vg j and 
VO — 15)? + (2 — 0? 
wj+ w,k. Applying Eq. 20-7, we have 


Vp = Vat wX Ppa 


—0.6vgi + 0.8 vgj = —3k + (@,i + @,j + @,k) X (2j — 1k) 


—0.6 vgi + 0.8 ugj = ( — 3-@, — 2@,)i + w,j + (2@, — 3)k 


Equating i,j, and k components, we have 


0.6 vg = —3-w, — 20, 
0.8 vz = a, 
0 = 2a, — 3 
If w is specified acting perpendicular to the axis of the rod AB, then 


@°TB/A =0 


w,i + w,j + w,k)-(2j — 1k) = 0 
y 


20, — w, = 0 
Solving Eqs. [1], [2], [3] and [4] yields 
vg = 1.875 m/s @, = 1.50 rad/s 


wy = 0.225 rad/s w, = 0.450 rad/s 


w = {1.501 + 0.225j + 0.450k} rad/s 
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20-34. Continued 


Acceleration Equation: With a = a,i + a,j + a, k and the result obtained above, 
Applying Eq. 20-8, we have 


ag = a, t+ a X rp, + @ X (@ X Fpya) 


—0.6agi + 0.8agj = —2k + (a,i + ayj + a,k) X (2j — 1k) 


+ (1.50% + 0.225j + 0.450k) X [(1.50i + 0.225j + 0.450k) x (2j — 1k)] 


—0.6agi + 0.8agj = ( —a 


y ~ 2a,)i + (a, — 5.00625) j + (2a, + 0.503125) k 


Equating i,j, and k components. we have 
—0.6ag = —a, — 2a, 
0.8ag = ay — 5.00625 
0 = 2a, + 0.503125 
Solving Eqs. [6] and [7] yields 
a, = —0.2515 rad/s? 


ag = —6.57 m/s” Ans. 


Negative sign indicates that a, is directed in the opposite direction to that of the 
above assumed direction 


Note: In order to determine a, and @,. one should obtain another equation by 
pacifying the direction of a which acts perpendicular to the axis of rod AB. 
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20-35. The triangular plate ABC is supported at A by a 
ball-and-socket joint and at C by the x—z plane. The side AB 
lies in the x—y plane. At the instant @ = 60°, 6 = 2 rad/s 
and point C has the coordinates shown. Determine the 
angular velocity of the plate and the velocity of point C at 
this instant. 


Vg = —Ssin 60° + 5 cos 60°F5 
= {—4.33i + 2.5j} ft/s 
Vo = (Ve)xi + (vc) k 
cia = {(3i + 4k} ft 
Ipia = {1.251 + 2.165j} ft 
Vp = @ X VB 
ij 
—4.331 + 2.5j = | @, Wy Wz 
1.25 2.165 
—2.1650, = —4.33 ; w, = 2 rad/s 
2.165, — 1.25w, = 0; wy = 1.7320, 
Vo = OX c/a 
i 


(Ve)x i + (Ve)K = Jo, 
3 


(Ve)x = 4a, 


0 = 4a, — 6; w, = 1.5 rad/s 


(Ve): = 3a, 


Solving, 
wy = 2.5981 rad/s 
(vc)x = 10.392 ft/s 


(vc), = —7.7942 ft/s 


w = {1.50% + 2.60j + 2.00k} rad/s 


Vo = {10.4i — 7.79k} ft/s 
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*20-36. The triangular plate ABC is supported at A by a 
ball-and-socket joint and at C by the x—z plane. The side 
AB lies in the x—y plane. At the instant 6 = 60°, 
§ = 2 rad/s, 6 = 3 rad/s” and point C has the coordinates 
shown. Determine the angular acceleration of the plate and 
the acceleration of point C at this instant. 


From Prob. 20-35. 


w = 1.5i + 2.5981j + 2k 


TB/A = 1.251 + 2.165j 


Vp = —4.331 + 2.5j 
(ag), = 3(2.5) = 7.5 ft/s? 
(ag)n = (2)°(2.5) = 10 ft/s? 
ag = —7.5 sin 60° + 7.5 cos 60°j — 10 cos 60°I — 10 sin 60°5 
ag = —11.4952i — 4.91025j 
ag = aX Fpa + WX Veja 
i j k i j k 
—11.4952i — 4.91025j = | a, a a) +] 15 2.5981 2 
1.25 2.165 0 —4.33 2.5 0 
—11.4952 = —2.165a, — 5 
—4.91025 = 1.25a, — 8.66 
a, = 3 rad/s? 
0 = 2.165a, — 1.25a, + 15 
ac = aX Icja + WX Veja 
Voja = 10.391 — 7.794k 
i j k 
ac = (ac), i + (ac)k = 15 2.5981 2 
10.39 0 —7.794 


(ac), = 4ay — 20.25 
0 = 3a, — 4a, + 32.4760 
(4c); = ~3ay — 27 
Solving Eqs. (1)-(4), 
a, = 10.369 rad/s* 
ay = 29.96 rad/s? 


(ac) = 99.6 ft/s? 


(ac); = —117 ft/s’ 


ac = {99.61 — 117k}ft/s? 


a = {10.4i + 30.0j + 3k} rad/s” 
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°20-37. Disk A rotates at a constant angular velocity of 
10 rad/s. If rod BC is joined to the disk and a collar by ball- 
and-socket joints, determine the velocity of collar B at the 
instant shown. Also, what is the rod’s angular velocity wc 
if it is directed perpendicular to the axis of the rod? 


w = 10 rad/s 
‘A 
500 mm 


Vc = {1i} m/s Va > —Vzj gc = Oi + wyj + o,k 


rpc = {—0.2i + 0.6j + 0.3k}m 


Vp = Vo + @pgc X BIC 


ij 
—vg = lit 


Equating i, j, and k components 


1 — 0.30, — 0.60, = 0 


0.30, + 0.20, = vg 


0.6@, + 0.20, = 0 


Since wgc is perpendicular to the axis of the rod, 


@BC TB/c = (@,i t Wy j t wk) + ( 0.2i +4 0.6j t 0.3k) =0 


0.20, + 0.60, + 0.30, = 0 
Solving Eqs. (1) to (4) yields: 
w, = 0.204 rad/s wy = —0.612 rad/s w, = 1.36 rad/s Vg = 0.333 m/s 
Then 
Wc = {0.204i — 0.6125 + 1.36k} rad/s 


Vp = {—0.333j} m/s 
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20-38. Solve Prob. 20-37 if the connection at B consists of 
a pin as shown in the figure below, rather than a ball-and- 
socket joint. Hint: The constraint allows rotation of the rod 
both about bar DE (j direction) and about the axis of the 
pin (n direction). Since there is no rotational component in 
the u direction, i.e., perpendicular to n and j where 
u=j X an, an additional equation for solution can be 
obtained from w-u = 0. The vector n is in the same 
direction as gic X Ipyc- 


Vo = {li} m/s Va = —Vaj gc = 1 + aj + ok 


tgic = {0.21 + 0.6j + 0.3k} m 
Vp = Vc t+ @pc X Bic 
ij 
~vgj = li + 


Equating i, j, and k components 


1+ 0.30, — 0.60, = 


0.30, + 0.20, = vg 


0.6w, + 0.20, = 0 


Fpc = {—0.2i + 0.6j + 0.3k} m 
pyc = {—0.2i + 0.3k} m 
i jk 
Ipc X Epc = |-0.2 0.6 0.3} = {0.18% + 0.12k} m? 
-02 0 03 


18i + 0. 
n = 218i + 012K _ 0.93011 + 0.5547k 


V0.18? + 0.127 


u = j X n=j X (0.8321i + 0.5547k) = 0.55471 — 0.8321k 


gc U = (wyi + wy j + @,k)- (0.5547i — 0.8321k) = 0 
0.5547, — 0.8321, = 0 
Solving Eqs. (1) to (4) yields: 
w, = 0.769 rad/s wy = —2.31 rad/s w, = 0.513 rad/s Vp = 0.333 m/s 
Then 
pc = {0.7691 — 2.31j + 0.513k} rad/s 


Vg = {—0.333j} m/s 
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20-39. Solve Example 20-5 such that the x, y, z axes move 
with curvilinear translation, © = 0 in which case the collar 
appears to have both an angular velocity 0,,, = w; + @» 
and radial motion. . 


Relative to XYZ, let xyz have 
9=0 O2=0 
rg = {—0.5k} m 
Vp = (2j} m/s 
ag = {0.75j + 8k} m/s” 


Relative to xyz, let x’ y’ z' be coincident with xyz and be fixed to BD. Then 


Oy, = @1 + w2 = {4i + 5k} rad/s @xyz = @ + @) = {1.5i — 6k} rad/s? 
(toys) xyz = {0.2j} m 
(Vo/p)xyz = Ocya)xyz = c/a)xtyze + (@1 + 2) X cya) xyz 
= 3) + (4i + Sk) x (0.2j) 
= {-li + 3j + 0.8k} m/s 


(ac/B) xyz = (F/B) xyz = [Cécia) eye! + (@, v @) x (c/a) xyz 


+| (a1 + 6) X (Keys) xyz] + [Cor + ©) X (éeB) xyz] 


(acja)xyz = [25 + (4i + 5k) x 3j] + [(1.5i — 6k) x 0.2j] + [(4i + 5k) x (-1i + 3j + 0.8k)] 


= {—28.8i — 6.2j + 24.3k} m/s” 


Vo = Ve + O X typ + (Ves) xyz 


= 2j 4 i + 3j + 0.8k) 


= {—1.00i + 5.00j + 0.800k} m/s 


ac = ag + O X rejp + O X (O X eyg) + 20 X (Ve/a)xyz + (AciB) xyz 


= (0.75j + 8k) + 0 + 0+ 0+ (—28.8i — 6.2j + 24.3k) 


= {—28.8i — 5.45j + 32.3k} m/s” 
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*20-40. Solve Example 20-5 by fixing x, y, z axes to rod 
BD so that O = w, + oy. In this case the collar appears 
only to move radially outward along BD; hence 0,,, = 0. 


Relative to XYZ, let x’ y’ z’ be concident with XYZ and have OQ,’ = aw, and Q' = Oo} 


@ = @, + @ = {4i + 5k} rad/s 


@ =, + @ = (a1) + @, X a,| + |() + @, X on] 
fis) vy’! 


= (1.5i + 0) + [—6k + (4i) x (Sk)] = {1.5i — 20j — 6k} rad/s? 


rg = {—0.5k} m 
Vp =tg= (i) + w, X rg = 0 + (45) X (—0.5k) = {2j} m/s 
rye 
ay = in = |(i] +o x (i) | or x ret or x ip 
x'y'z’ x'y'z! 
= 0+ 0+ |(L.S5i) x (—0.5k)] + (4i x 2j) = {0.75j + 8k} m/s 


Relative to x’ y’z’, let xyz have 


Oye = 0; Oyrye = 0; 


(rcs) = {0.25} m 
XYZ 
(Vo/s)xyz = {3j} m/s 


(acg) xyz = {2j} m/ s* 
Vo = Vp + O X reg + (Veya) xyz 
2j + [(4i + 5k) x (0.29)] + 3j 
= {-li + 5j + 0.8k}m/s 


ac = ag + O X rojgp + O X (O X eyg) + 20 X (Vey) xyz + (AcyB) xyz 


= (0.75j + 8k) + [(1.5i — 20j — 6k) x (0.2j)] + (4i + 5k) x [(4i + 5k) x (0.2j)] + 2[(4i + 5k) x (3j)] + 2j 
ac = {—28.2i — 5.45} + 32.3k} m/s” Ans. 
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20-41. At the instant shown, the shaft rotates with an 
angular velocity of w, = 6rad/s and has an angular 
acceleration of w, = 3 rad/s’. At the same instant, the 
disk spins about its axle with an angular velocity 
of @, = 12rad/s, increasing at a constant rate of 
w, = 6 rad/s”. Determine the velocity of point C located on 
the rim of the disk at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached sa 
to point A, Fig. a. The angular velocity and angular acceleration of this frame with 
respect to the XYZ frame are Upz6 rad/s 


Q = w, = [6k] rad/s @) = Wy = [3k] rad/s? Wp =3rad|s* 


Since point A rotates about a fixed axis (Z axis), its motion can be determined from 


V4 = Wp X Yo, = (6k) X (0.75j) = [-4.5i] m/s X 


In order to determine the motion of point C relative to point A, it is necessary to ~ 
establish a second x'y'z’ rotating frame that coincides with the xyz frame at the x an w= /2radls 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity = W;= 6red/s~ 
relative to the xyz frame of Q' = ws = [12i] rad/s, the direction of (t¢/,4)xyz Will * 

remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of (a) 

(cya) xyz 


(Voya) xyz = (tcjA) xyz = [icpaey! + ws, X (c/a) xye| 
= 0 + (12%) x (0.15k) 


= [-1.8j] m/s 


=v4+ 0 X roa + (Voya)xyz 
(—4.5i) + 6k X 0.15k + (-1.8)) 


= [-4.5i — 1.8j] m/s 
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20-42. At the instant shown, the shaft rotates with an 
angular velocity of w, = 6rad/s and has an angular 
acceleration of w, = 3 rad/ s’. At the same instant, the disk 
spins about its axle with an angular velocity of w, = 12 rad/s, 
increasing at a constant rate of w, = 6 rad/s’. Determine 
the acceleration of point C located on the rim of the disk at 
this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. The angular velocity and angular acceleration of this frame with 
respect to the XYZ frame are 


Q = @, = [6k] rad/s o= 0, = [3k] rad/s” 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 
V4 = ®, X Toa = (6k) X (0.75j) = [-4.5i] m/s 
a4 = Wp X toa + Wp X (Wp X toa) 
= (3k) X (0.75j) + 6k X [6k x 0.75j] 


= [—2.25i — 27j] m/s” 


In order to determine the motion of the point C relative to point A, it is neccessary 

to establish a second x’ y’z’ rotating frame that coincides with the xyz frame at the 

instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 

relative to the xyz frame of 0’ = a, = [12i] rad/s, the direction of (tc/4)xyz Will » 

remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of x os ~uh=/2rad/s 


4 


(rya)xye W,= 6 rad]s® 
(Weya)ayz = (Feja)aye = [Cecya)vy'e + @s X (eja)aye| (a) 

= 0 + (12%) X (0.15k) 

= [-1.8j] m/s 


Since 0’ = @, has a constant direction with respect to the xyz frame, then 
QO = &, = [6i] rad/s”. Taking the time derivative of (FcjA)xyzs 


(acja) = (Fo/a) xyz = [Cecpa)erye + ws X (cya)x'y'z'| + Ws x (tc/a) xyz + Ws X (T/A) xyz 
= [0 + 0] + (6%) x (0.15k) + (12%) x (-1.8j) 
= [-0.9j — 21.6k] m/s” 

Thus, 


ac = ay t 0) x Ic/A +O x (Q x Ica) + 20 X (Voy) xyz + (acy) xyz 


= (—2.25i — 27j) + 3k X 0.15k + 6k X (6k X 0.15k) + 2(6k) X (—1.8j) + (—0.9j — 21.6k) 


= [19.351 — 27.9j — 21.6k]m/s” Ans. 
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20-43. At the instant shown, the cab of the excavator 

rotates about the z axis with a constant angular velocity of 

w, = 0.3 rad/s. At the same instant 6 = 60°, and the boom 

OBC has an angular velocity of 6 = 0.6 rad/s, which is 

increasing at 6 = 0.2 rad/s’, both measured relative to the 

cab. Determine the velocity and acceleration of point C on @, = 0.3 rad/ 
the grapple at this instant. : 


Sm 
s 


Relative to XYZ, let xyz have 

Q, = {0.3k} rad/s, @ = 0 (© does not change direction relative to XYZ.) 
ro = 0, Vo = 0, ao = 0 

Relative to xyz, let x'y'z’ be coincident with xyz at O and have 


Oxy, = {0.6i} rad/s, Oy, = {0.2i} rad/s’ (0 


xyz does not change direction 
relative to XYZ.) 


xyz 


(Kojo)xyz = (5 cos 60° + 4 cos 30°)j + (5 sin 60° — 4sin 30°)k = {5.9641j + 2.3301k} m 

(tc/o) xyz change direction relative to XYZ.) 

(Vojo) xyz = (io) = (iio) a Oye x (rio) 
xyz x'y'z’ XZ 

= 0 + (0.6i) X (5.9641j + 2.3301k) = {-1.3981j + 3.5785k} m/s 

(acjo)xyz = (to) = (ko) + Onxyz x (cw) + One. x Icjo + Onxyz x Icjo 
XYZ x'y'z’ x'y'z! 

= [0 + 0] + (0.2i) x (5.9641j + 2.3301k) + (0.6i) x (—1.3981j + 3.5785k) 


= {—2.61310j + 0.35397k} m/s” 
Thus, 


Vo = Vo + DX reo + (Wejo) xyz = 0 + (0.3k) X (5.9641j + 2.3301k) — 1.3981j + 3.5785k 


= {-1.79i — 1.40j + 3.58k} m/s Ans. 


ac=ao tx tcjo + OX (0 x roo) + 20 X (Vojo) xyz + (acjo) xyz 


= 0+ 0 + (0.3k) x [(0.3k) x (5.9641j + 2.3301k) | 
+ 2(0.3k) X (—1.3981j + 3.5785k) — 2.61310j + 0.35397k 


= {0.8391 — 3.15j + 0.354k} m/s” 
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*20-44. At the instant shown, the frame of the excavator 

travels forward in the y direction with a velocity of 2 m/s 

and an acceleration of 1 m/s”, while the cab rotates about 

the z axis with an angular velocity of w, = 0.3 rad/s, 

which is increasing at a, = 0.4 rad/s”. At the same instant 

6 = 60°, and the boom OBC has an angular velocity of o. =03 rad/s hu 
§ = 0.6 rad/s, which is increasing at 6 = 0.2 rad/s”, both : 

measured relative to the cab. Determine the velocity and 

acceleration of point C on the grapple at this instant. 


Relative to XYZ, let xyz have 


Q, = {0.3k} rad/s, @ = {0.4k} rad/s? (Q does not change direction relative 
to XYZ.) 


Yo = 0(z, does not change direction relative to XYZ.) 
Vo = {2j} m/s 
ag = {1j} m/s* 
Relative to xyz, let x’ y'z’ have 


Oxy, = {0.6i} rad/s, @ 


xyz.) 
(tc/o)xyz = (5 cos 60° + 4 cos 30°)j + (5 sin 60° — 4 sin 30°)k = {5.9641j + 2.3301k} m 


= {0.2i} rad/s” (Q.,,, does not change direction relative to 


xyz xyz 


((tc/o) xyz change direction relative to xyz.) 


(Vojo) xyz = (tar) = Ga a Oxyz x (ra) 
XYZ x'y'z’ XYZ 
= 0 + (0.6%) X (5.9641j + 2.3301k) = {-1.3981j + 3.5785k} m/s 


(acjo) xyz = (Fo) = (Fo) + Oye x (10) + Oye x (x10) + Oye x (+10) 
XYZ x'y'z! x'y'z! XYZ xyz 
= [0 + 0] + (0.2%) x (5.9641j + 2.3301k) + (0.6%) x (—1.3981j + 3.5785k) 
= {—2.61310j + 0.35397k} m/s” 
Thus, 


Vo = Vo + 2X reo9 + (Vejo) xyz = 2 + (0.3K) X (5.9641 + 2.3301k) — 1.3981j + 3.5785k 


= {-1.79i + 0.602j + 3.58k} m/s Ans, 


ac =ag t+ QO x Icjo + O X (0 x roo) + 20 X (Vojo) xyz + (acjo) xyz 


= 1j + 0.4k x (5.9641j + 2.3301k) + (0.3k) x [(0.3k) X (5.9641j + 2.3301k) | 


+ 2(0.3k) X (—1.3981j + 3.5785k) — 2.61310j + 0.35397k 


= {-1.55i — 2.15} + 0.354k} m/s” 
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°20-45. The crane rotates about the z axis with a constant 
rate w, = 0.6 rad/s, while the boom rotates downward with 
a constant rate w) = 0.2 rad/s. Determine the velocity and = 
: : @, = 0.6 rad/s 
acceleration of point A located at the end of the boom at 
the instant shown. 


Coordinate Axes: The rotating x, y, z frame and fixed X, Y, Z frame are set with the 
origin at point B and O respectively. 


Motion of B: Here, rp, changes direction with respect to X, Y, Z frame. The time 
derivatives of rp can be found by setting another set of coordinate axis x’, y’, 2’, 
coincident with X, Y, Z rotating at Q = w, = {0.6k} rad/s and Q’ = a, = 0. Here, 
rg = {1.5j}m 
VvB> Ig = (tp) x'y'2’ +Q'*X rp = 0 + 0.6k x L.5j _ {—0.9i} m/s 
ap = ¥p = [(Fa)eye + O' X (e)vrye] + O' X rg + O' X tg 
= (0 + 0) + 0 + 0.6k X (—0.9i) = {—0.540j} m/s” 
Motion of A with Respect to B: Let xyz axis rotate at O,y, = @) = {—0.2i} rad/s 
and Oy, = @2 = 0. Here, rag = {8j + 6k} m. 
(Va/B) xyz = t4/B = (ta/B) xyz + Oxy: x T4/B =O+ (—0.2i) x (8j + 6k) _ {1.20j = 1.60k} m/s 


(aaya)xyz = Kap = [ a/a)xye ae Oryy2 x (tap) xye| # Die x T4/B + Onyye x T4/B 


0 + (—0.2i) x (1.20j — 1.60k) 
= {—0.320j — 0.240k} m/s” 


Motion of Point A: Here, 0 = w, = {0.6k} rad/s and w = w, = 0. Applying 
Eggs. 20-11 and 20-12, we have 


VA — VB +Q,X rA/B + (Vasa) xyz = (—0.9i) + 0.6k X (8j + 6k) oh (1.20j ad 1.60k) 


= {-5.70i + 1.20j — 1.60k}m/s Ans. 


ag=agt+ QX1ry3+0X (2X rajp) + 20 X (Vays)xyz + (Aa/B) xyz 


= (—0.540j) + 0 + 0.6k X [0.6k x (8 + 6k)] + 2(0.6k) < (1.20j — 1.60k) + (—0.320j — 0.240k) 


= {-1.44i — 3.74j — 0.240k}m/s* Ans. 
J 
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20-46. The crane rotates about the z axis with a rate of 
w, = 0.6 rad/s, which is increasing at @ = 0.6 rad/s”. Also, 
the boom rotates downward at w, = 0.2 rad/s, which is 
increasing at @) = 0.3 rad/s”. Determine the velocity and 
acceleration of point A located at the end of the boom at 
the instant shown. 


Coordinate Axes: The rotating x, y, z frame and fixed and fixed_X, Y, Z frame are set 
with the origin at point B and O respectively. 


Motion of B: Here, rz, change direction with respect to X, Y, Z frame. The time 
derivatives of rz can be found by seeting another set of coordinate axis x’, y’, z’ 
coincident with xX, Y, Z_ rotating at ' =, = {0.6k}rad/s and 
QO. = @ = {0.6k} rad/s”. Here, rg = {1.5j} m 


Vg = tp = (tp)ye + O! X rg = 0 + 0.6K X 1.5j = {-0.9i} m/s 
ap = ¥g = [(p)yye + O' X (tp)vye] + O' X tg + O' X ig 
= (0 + 0) + 0.6k x 1.5j + 0.6k X (—0.9i) = {—0.9i — 0.540j} m/s? 


Motion of A with Respect to B: Let xyz axis rotate at 0), = w2 = {—0.2i} rad/s 
and Q,,, = @) = {—0.3i} rad/s”. Here, r4/z = {8j + 6k} m 


(Vaya) xyz = r4/B = (ta4/B) xyz + Oxy: x T4/B =O+ (—0.2i) x (8j + 6k) = {1.20j — 1.60k} m/s 


(anya)xyz = Tap ia [ 4B) xyz + Onyye x (aya) xye| + one x T4/B + Oryyz x Ta/B 


= 0+ 0+ (—0.3i) x (81 + 6k) + (—0.2i) x (1.20j — 1.60k) 


= {1.48j — 2.64k} m/s” 


Motion of Point A: Here, Q = w, = {0.6k} rad/s and Q = @ = {0.6k} rad/s’. 
Applying Eqs. 20-11 and 20-12, we have 


V4 = Vg t+ OX tgp + (V4/p)eye = (0.91) + 0.6k X (8j + 6K) + (1.20j — 1.60k) 


= {-5.70i + 1.20j — 1.60k} m/s Ans, 
=a, + 2x tap + O X (O X ray) + 20 X (Waya)eye + (@asa)xyz 
= (—0.9i — 0.540j) + 0.6k x (8j + 6k) + 0.6k x [0.6k x (8j + 6k)] 


+ 2(0.6k) X (1.20j — 1.60k) + (1.48) — 2.64k) 


= {-7.14i — 1.94j — 2.64k} m/s? 
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20-47. The motor rotates about the z axis with a constant 
angular velocity of #,; = 3 rad/s. Simultaneously, shaft OA 
rotates with a constant angular velocity of w: = 6 rad/s. 
Also, collar C slides along rod AB with a velocity and 
acceleration of 6 m/s and 3 m/s”. Determine the velocity 
and acceleration of collar C at the instant shown. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = @, = [3k] rad/s 2 = 4, =0 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 
V4 = @ X Yo, = (3k) X (0.35) = [-0.9i] m/s 
a, = @ X ¥oq + @ X (@; X Fog) 
= 0 + (3k) x [(3k) x (0.3))| 
= [-2.7j] m/s” 


In order to determine the motion of the point C relative to point A, it is necessary to 
establish a second x’ y'z' rotating frame that coincides with the xyz frame at the instant 
considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity relative to the 
xyz frame of 0.’ = 2 = [6j] rad/s, the direction of (t¢/,4)xyz Will remain unchanged 
with respect to the x’y’z’ frame. Taking the time derivative of (t¢/4)xyz, 


(Vo/a) xyz ~ (tc/a) xyz = [Cicya)eye + Ww) X (tc/a)xyz| 


= (—6k) + 6j X (—0.3k) 
= [-1.8i — 6k] m/s 


Since ©’ = w) has a constant direction with respect to the xyz frame, then 
Q! = @, = 0. Taking the time derivative of (t¢/4) xyz, 


(acja) xyz == (Foya) xyz = [Ccpa)eye + Ww X (ecya)x'y'e'| + @) x (toy) xyz + w, X (Koja) xyz 


= [(-3k) + 6j X (—6k)] + 0 + [6j X (—18j — 6k)] 


= [-72i + 7.8k] m/s? 


Vo = V4 + O X teva t+ (Vesa)xyz 


= (—0.9%) + 3k X (—0.3k) + (—1.8i — 6k) 


= [-2.7i — 6k] m/s 


ac = ag + 0X toja t+ O X (OX Fey) + 20 X (Wejadeye + (Ac/a)xyz 


= (-2.7j) + 0 + 3k x [(3k) X (—0.3k)] + 2(3k) x (—1.8i — 6k) + (—72i + 7.8k) 


= [-72i — 13.5j + 7.8k] m/s” Ans. 
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*20-48. At the instant shown, the helicopter is moving 
upwards with a velocity vy =4 ft/s and has an 
acceleration ay = 2 ft/s’. At the same instant the frame H, 
not the horizontal blade, rotates about a vertical axis with a 
constant angular velocity w, = 0.9 rad/s. If the tail blade B 
rotates with a constant angular velocity wg); = 180 rad/s, 
measured relative to H, determine the velocity and 
acceleration of point P, located on the end of the blade, at 
the instant the blade is in the vertical position. 


Relative to XYZ, let xyz have 
Q, = {0.9k} rad/s w = 0(O does note change direction relative to XYZ.) 
rp = {20j} ft (rp changes direction relative to XYZ.) 
Vg = tp = (ip)xy: + O X rp = 4k + (0.9k) X (20j) = {-18i + 4k} ft/s 
ay = tp = | noe + 0X (én) J+ 0x 1p +0 xp 
= [2k + 0] + 0+ [(0.9k) x (-18i + 4k) 
= {-16.2j + 2k} ft/s’ 
Relative to xyz, let x’ y'z’ have 


Oxy, = {180i} rad/s O,y, = 0 (O,,, does not change direction relative to 


xyz xyz 
xyz.) 


(tp/p)xyz = {2.5k} ft ((tp/g)xyz change direction relative to xyz.) 
(Vp/B)xyz = (tp/B)xyz = (tp/p)x'y'z' + Oxy: x (tp/B) xyz =O0+ (—180i) x (2.5k) = {450j} ft/s 


(apg) xyz = (fp/p) xyz = [ Cpa) eye + Oyy2 x (tp/p)v'yz] + oe x (tp/p) xyz + Oyyz x (tpg) xyz 


(ap/p)xyz = [0 + 0] + 0 + (—180i) x (450j) = {—81 000k} ft/s? 


Thus, 


= ve + QO X rpg t+ (Veja) xyz 


(-18i + 4k) + [(0.9k) x (2.5k)] + (450j) 


= {-18i + 450j + 4k}ft/s 


ap = az + 0 X p/p + O X (O X rpyg) + 20, X (Vpyp)aye + (APyB) xyz 


= (-16.2j + 2k) + 0 + (0.9k) x [(0.9k) x (2.5k)] + [2(0.9k) x (450j)] + (—81000k) 


= {—810i — 16.2j — 81 000k} ft/s? Ans. 
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¢20-49. Ata given instant the boom AB of the tower crane 
rotates about the z axis with the motion shown. At this same 
instant, 9 = 60° and the boom is rotating downward such 
that @=0.4rad/s and 6 = 0.6rad/s?. Determine the ; 
velocity and acceleration of the end of the boom A at this \ ‘ w, = 2 rad/s 
instant. The boom has a length of /4, = 40 m. java 


6 = 0.6 rad/s? 


©, = 3 rad/s” 


Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y, 
Z frame with origin at point B. 


Motion of B: Since point B does not move, then 


ap = Vp = 0 


Motion of A with Respect to B: Let xyz axis rotate at 0,,, = 6 = {0.4j} rad/s 


and Os. = 6 = {0.6j} rad/s”. Here. 


rajp = {40 cos 60° + 40 sin 60°k} m = {20.01 + 34.64k} m. 


XYZ 


(Va/B) xyz _ T4/B = (La/B) xyz = Oxy: x T4/B =O+ 0.4j x (20.0i aR 34.640k) = {13.86 = 8.00Kk} m/s 


(anja) xyz = ays = [ Caya)ayz + Oxy: x (4/8) xyz] + Oye x T4/B + Oxy: x r4/B 


0 + 0 + 0.6j X (20.01 + 34.64k) + 0.4j X (13.861 — 8.00k) 
{17.581 — 17.54k} m/s” 


Motion of Point A: Here,Q = , = {2k} rad/s and Q = @, = {3k} rad/s. Applying 
Eggs. 20-11 and 20-12. we have 


V4 = Vp + OX ra4jp t+ (Vayp)xyz = 0 + 2k X (20.01 + 34.64k) + (13.861 — 8.00k) 


= {13.91 — 40.0j — 8.00k} m/s Ans. 


a,=agt x tap + O X (O X rayg) + 20 X (Waya)eye + (@asa)xyz 


= 0 + 3k X (20.01 + 34.64k) + 2k X [2k X (20.01 + 34.64k)] + 2(2k) X (13.861 — 8.00k) + 17.58i — 17.54k 


= {—62.4i + 115j — 17.5k} m/s? Ans. 
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20-50. At the instant shown, the tube rotates about the 
z axis with a constant angular velocity w, = 2 rad/s, while 
at the same instant the tube rotates upward at a constant 
rate w) = 5 rad/s. If the ball B is blown through the tube at 
a rate += 7m/s, which is increasing at 7 = 2 m/s’, 
determine the velocity and acceleration of the ball at the 
instant shown. Neglect the size of the ball. 


Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y, 
Z frame with origin at point A. 


Motion of A: Since point A does not move, then 
a4 = V4 >= 0 


Motion of B with Respect to A: Let xyz axis rotate at 0.,,, = w) = {5i} rad/s and 
ce =) = 0. Here, rgy, = {3 cos 30°j + 3 sin 30°k} m = {2.5981j + 1.50k} m, 
(fg/A)xyz = {7 cos 30°j + 7 sin 30°k} m/s = {6.0621j + 3.50k} m/s and 

(Fp/a)xyz = {2 cos 30j + 2 sin 30°k} m/s? = {1.7321j + 1k} m/s’. 


(Vp/a) xyz = Ipia = (fgp/a) xyz ae Oxyz x TB/A 
= 6,0621j + 3.50k + Si X (2.5981j + 1.50k) = {—1.4378j + 16.4903k} m/s 


(agia)xyz = Tea = [ Gaya) aye re Oye x (a/a)xyz| + Oy x TB/A + Onyye x Tpia 


1.7321j + 1k + Si X (6.0621j + 3.50k) + 0 + 5i X (—1.4378j + 16.4903k) 


= {—98.2199j — 24.1218k} m/s? 


Motion of Point B: Here, Q = w, = {2k}rad/s and Q = o, = 0. Applying 
Eggs. 20-11 and 20-12, we have 
Vg = Vat 0 X vaya t+ (Vaja)xye = 0 + 2k X (2.5981j + 1.50k) + (—1.4378j + 16.4903k) 


= {-5.20i — 1.44j + 16.5k} m/s Ans. 


=a,+ +x raja + O X (QO X rpg) + 20 X (Veya)eye + (Asya) xyz 


= 0+ 0+ 2k X [2k X (2.5981j + 1.50k)] + 2(2k) X (—1.4378j + 16.4903k) + (—98.2199j + 24.1218k) 


= {5.751 — 1095 + 24.1k} m/s” Ans. 
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20-51. At the instant shown, the tube rotates about the 
z axis with a constant angular velocity w, = 2 rad/s, while 
at the same instant the tube rotates upward at a constant 
rate w, = 5 rad/s. If the ball B is blown through the tube at 
a constant rate + = 7 m/s, determine the velocity and 
acceleration of the ball at the instant shown. Neglect the 
size of the ball. 


Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y, 
Z frame with origin at point A. 


Motion of A: Since point A does not move, then 

a4, = V4 >= 0 
Motion of B with Respect to A: Let xyz axis rotate at 0.,,, = w2 = {Si} rad/s and 
Oxy2 =o, = 0. Here, rg/4 = {3 cos 30°95 + 3 sin 30°k} m = {2.5981j + 150k} m 
and (Ig/a)xyz = {7 cos 30j + 7 sin 30°k} m/s = {6.0621j + 3.50k} m/s. 


(VBA) xyz = IB/A = (tg/a) xyz + Oxyz x TB/A 


= 6.0621j + 3.50k + 5i X (2.5981j + 1.50k) = {—1.4378j + 16.4903k} m/s 


(apa) xyz = Fea = [ Gaya) aye + Onyy2 x (tz/a)xy2| a cee x TB/A a Onyye x Tpia 


= 0 + 5i X (6.0621j + 3.50k) + 0 + 5i X (—1.4378j + 16.4903k) 
= {—99.9519j + 23.1218k} m/s” 


Motion of Point B: Here, Q = w, = {2k}rad/s and Q = @, = 0. Applying 
Eggs. 20-11 and 20-12, we have 


ve = Vat OX rps t (Vaya)eye = 0 + 2k X (2.5981j + 1.50k) + (—1.4378j + 16.4903k) 


= {-5.20i — 1.44j + 16.5k}m/s Ans. 


=a,+ +9~x rea + O X (O X rpya) + 20 X (Weya)xyz + (ABya)xyz 


= 0+ 0+ 2k X [2k x (2.5981j + 1.50k)] + 2(2k) X (—1.4378j + 16.4903k) + (—99.9519j + 23.1218k) 


= {5.75i — 110j + 23.1k} m/s” Ans. 
{ j 
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*20-52. At the instant 9 = 30°, the frame of the crane and 
the boom AB rotate with a constant angular velocity of 
@, = 1.5 rad/s and w2 = 0.5 rad/s, respectively. Determine 
the velocity and acceleration of point B at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. The angular velocity and angular acceleration of this frame with 
respect to the XYZ frame are 


Q, = «, = [1.5k] rad/s Q = 0 = 0 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 
V4 = @ X Yo, = (1.5k) X (1.5j) = [-2.25i] m/s 
ay = @ X to, + @ X (@ X Fo) 
= 0+ (1.5k) X [(1.5k) X (1.5p)] 
= [—3.375j] m/s” 


In order to determine the motion of point B relative to point A, it is necessary to 
establish a second x’y’z’ rotating frame that coincides with the xyz frame at the . 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 
relative to the xyz frame of 0’ = w, = [0.5i] rad/s, the direction of (rgy,),yz will 
remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of 
(teya)xyer 


(Vaya) xyz 7 (Fa/a)xyz = [ (esp a)e'y'z + w, Xx (r5/a)xye| 


0 + (0.51) X (12 cos 30°j + 12 sin 30°k) 


[-3j + 5.196k] m/s 


Since 0’ = w2 has a constant direction with respect to the xyz frame, then 
Q! = @, = 0.Taking the time derivative of (I4/g)xyz, 
(anya)xyz = (F4yB) xyz = [Ceaya)xye + w X (taya)r'y'e'| + @) x (Caja) xyz + Ww X (Raya) xyz 
= [0 + 0] + 0 + (0.5i) X (—3j + 5.196k) 


= [-2.598j — 1.5k] m/s” 


Vp =Vat QO X ¥pya t+ (Vaja)xyz 
= (—2.25i) + 1.5k X (12 cos 30°j + 12 sin 30° k) + (—3j + 5.196k) 


= [-17.8i — 3j + 5.20k] m/s Ans. 


ag =a,+ 0X Ipja + O X (O X rpg) + 20 X (Wap)eye + (@aa)xyz 


= (—3.375j) + 0 + 1.5k x [(1.5k) x (12 cos 30° j + 12 sin 30° k)] + 2(1.5k) x (—3j + 5.196k) + (—2.598j — 1.5k) 


= [91 — 29.4j — 1.5k] m/s” Ans. 
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020-53. At the instant @ = 30°, the frame of the crane is 
rotating with an angular velocity of w, = 1.5 rad/s and 
angular acceleration of w, = 0.5 rad/s’, while the boom AB 
rotates with an angular velocity of #) = 0.5 rad/s and angular 
acceleration of @ = 0.25 rad/s”. Determine the velocity and 
acceleration of point B at this instant. 


The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached 
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame 
with respect to the XYZ frame are 


Q, = , = [1.5k] rad/s Q. = [0.5k] rad/s? 
Since point A rotates about a fixed axis (Z axis), its motion can be determined from 
V4 = @ X Yo, = (1.5k) X (1.5j) = [-2.25i] m/s 
ay = @ X to4 + @ X (@ X Fo) 
= (0.5k) X (1.5j) + (1.5k) x [(1.5k) x (1.5j)] 
= [-0.75i — 3.375j] m/s” 
In order to determine the motion of point B relative to point A, it is necessary to 
establish a second x'y'z’ rotating frame that coincides with the xyz frame at the 
instant considered, Fig. a. If we set the x’y’z’ frame to have an angular velocity 


relative to the xyz frame of Q' = w, = [0.5i] rad/s, the direction of (¥g/4),y, Will 
remain unchanged with respect to the x’y’z’ frame. Taking the time derivative of 


(tea) xyz 


(Vp/a) xyz = (t/a) xyz 7 [(ipya)ey'e + @2 X (ta/a)xy2| 


= 0+ (0.5i) X (12 cos 30°j + 12 sin 30° k) 
= [-3j + 5.196k] m/s 


Since ©’ = w) has a constant direction with respect to the xyz frame, then 
Q! = @) = [0.25i] m/s”. Taking the time derivative of (tB/A)xyzs 
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20-53. Continued 


(aga) = (FB/A) xyz = [savy + @2 X (eaja)v'y'e'| + 0, x (tB/A) xyz + @ X (tB/A) xyz 
= [0 + 0] + (0.25%) x (12 cos 30° j + 12 sin 30°k) + 0.5i X (—3j + 5.196k) 


= [—4.098j + 1.098k] m/s? 


Veg = Vat O X veya t+ (Vaya)xyz 
= (—2.25i) + 1.5k X (12 cos 30° j + 12 sin 30°k) + (—3j + 5.196k) 


= [-17.8i — 3j + 5.20k] m/s Ans, 


=a,= 0x ¥pia + OX (OX egy) + 20 X (Vaya) eye + (Absa) xyz 
(—0.75i — 3.375j) + 0.5k X (12 cos 30°j + 12 sin 30°k) + (1.5k) x [(1.5k) x (12 cos 30° j + 12 sin 30° k)] 
+2(1.5k) X (—3j + 5.196k) + (—4.098j + 1.098k) 


= [3.05i — 30.9j + 1.10k] m/s? Ans. 


> 
a Wy = O-S Tad |< 
7a 6 Ww, =0.25 radfe 2 


x 


(A) 
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20-54. At the instant shown, the base of the robotic arm 
rotates about the z axis with an angular velocity of 
w, = 4 rad/s, which is increasing at @ = 3 rad/s”. Also, the 
boom BC rotates at a constant rate of wgc = 8 rad/s. wac = 8 rad/s 
Determine the velocity and acceleration of the part C held 
in its grip at this instant. 


Relative to XYZ, let xyz have origin at B and have a 


Q, = {3k} rad/s? (Q does not change direction relative to 


rz = {0.5k} m (rp does not change direction relative to XYZ.) 

vz = 0 

az = 0 

Relative to xyz, let coincident x’y'z’ have origin at B and have 

Oxy, = {8j} rad/s, Oxy, = 0 (O.,,, does not change direction relative to xyz.) 


(tc/p)xyz = {0.7i} m ((tc/g)xyz changes direction relative to xyz.) 


= (in) ote Oxy: x (rai) =O0+ (8j) x (0.7i) = {-5.6k} m/s 
x'y'z’ XYZ 


(Vos) xyz = (cin) 
XYZ 


(aca) xyz a (rain) or (Fa) + Orxyz x (icin) | os ge x (xis) a Orxyz x (ii) 
XYZ x'y'z! x'y'z’ Bava XYZ 


=0+0+4 0 + (8j) X (—5.6k) = {—44.8i} m/s” 


Thus, 

Vo = vg + 2 X teyp t (Veya)xyz = 0 + (4k) X (0.71) + (—5.6k) 
= {2.80j — 5.60k} m/s 

ac = ag + OX royp + OX (0 x rcja) + 20 X (Veyg)xyz + (Ac/a) xyz 
= 0 + (3k) x (0.7i) + (4k) x [(4k) x (0.71)] 
= 2(4k) x (—5.6k) — 44.8: 


= {-56i + 2.1j} m/s? 
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20-55. At the instant shown, the base of the robotic arm 
rotates about the z axis with an angular velocity of 
w, = 4 rad/s, which is increasing at w, = 3 rad/s’. Also, 
the boom BC rotates at wgc = 8 rad/s, which is increasing 
at @gc = 2 rad/s”. Determine the velocity and acceleration 
of the part C held in its grip at this instant. 


gc = 8 rad/s 


Relative to XYZ, let xyz with origin at B have 


QO, = {4k} rad/s, Q, = {3k} rad/s? (Q does not change direction relative 
to XYZ.) 


rz = {0.5k} m (rp does not change direction relative to XYZ.) 
vp = 0 

azp=0 

Relative to xyz, let coincident x’ y’z’ have origin at B and have 


Oxy, = {8j} rad/s, Oyyz = {2j} rad/s’ (Q does not change direction relative 


XZ 


to xyz.) 


(tc/B)xyz = {0.7i} m (O does not change direction relative to xyz.) 


= (x) + Ory, X (xin) = 0+ (8j) X (0.7i) = {—5.6k} m/s 
x'y'z! xyz 


(Voys) xyz - (xin) 
xyz 


(acjB) xyz = (xin) = (ea) ls + Orxyz x (ici) a | ae Og x Ga) + Onxyz x a) 
xyz x'y'z x'y'z XZ xyz 


= 0+ 0+ (2j) X (0.7%) + (8j) X (—5.6k) = {—44.8i — 1.40k} m/s? 


Thus, 

Vo = vp + 2 X tcp t (Veya)xyz = 0 + (4k) X (0.71) + (—5.6k) 
= {2.80j — 5.60k} m/s 

ac = ag + OX royp + OX (0 x rcs) + 20 X (Voyg)xyz + (Acya) xyz 
= 0 + (3k) X (0.71) + (4k) x [(4k) x (0.71)] 
= 2(4k) x (—5.6k) — 44.81 — 1.40k 


= {-56i + 2.1j — 1.40k} m/s? 
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e21-1. Show that the sum of the moments of inertia of a 
body, I,, + yy + I,,, is independent of the orientation of 
the x, y, z axes and thus depends only on the location of its 
origin. 


Tyy + Lez = [oe + 2)dm + fe + 2)dm 4 fe + y)dm 


= 2f (x + y? + 2*)dm 


However, x” + y + 2 = r*,where r is the distance from the origin O to dm. Since 
|r| is constant, it does not depend on the orientation of the x, y, z axis. Consequently, 
I,x + Ty, + I,, is also indepenent of the orientation of the x, y, z axis. Q.E.D. 
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21-2. Determine the moment of inertia of the cone with 
respect to a vertical y axis that passes through the cone’s 
center of mass. What is the moment of inertia about a parallel 
axis y’ that passes through the diameter of the base of the 
cone? The cone has a mass m. 


The mass of the differential element is dm = pdV = p(ry’) dx = a 


1 
dl, = qamy + dmx* 


pw 


: 
anf (4h? + a’) x* dx 


However, 


Using the parallel axis theorem: 


I, 


3m 
Ah? 4 
20 ( 


a (2h2 + 3a’) 
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21-3. Determine the moments of inertia J, and J, of the 
paraboloid of revolution. The mass of the paraboloid is m. 


a 4/2 - 
m= » | az dy = px | (=)vay = (5) 
0 0 \a@ 2 
1 1 ¢ 1 r 5 r' 
ae oe a <2 (5) [ 6 = (F 
y= [jamz sen | xtdy=5on(5) f vay BENG 


Thus, 


a 
il az y’ dy 
0 
4 a a 4 23 
r A r 3, pura pwr’a> 
— _ dy + — ‘d 
p(5) f yay + pw | f yay 2 4 


*21-4. Determine by direct integration the product of 
inertia J,, for the homogeneous prism. The density of the 
material is p. Express the result in terms of the total mass m 
of the prism. 


The mass of the differential element is dm = pdV = phxdy = ph(a — y)dy. 


? parh 
m= dm = ph (a — y)dy = 5 
m 0 


Using the parallel axis theorem: 


dl, = (dlyy)g + dmygzg 


= 0 + (phxdy) 0) (3) 


oe 


ph? 
) 


ph? a parh? 
t= f wy y’) dy = ore 


(ay — y’) dy 
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e21-5. Determine by direct integration the product of 
inertia [,, for the homogeneous prism. The density of the 
material is p. Express the result in terms of the total mass m 
of the prism. 


The mass of the differential element is dm = pdV = phxdy = ph(a — y)dy. 


. parh 
m= dm = ph ae) ace 
m 0 


Using the parallel axis theorem: 


dlyy = (dlyy)g + dAMXGYG 


O+ (phxdy)( 0) 


phe 
ge Se. 
44 


pie q &, } , 4) 


2ay’ + a? y) dy 


ph 


he eae (y> — 2ay* + a* y) dy 


path 1 (=) , 
= a= 


24 ° 12\ 2 


21-6. Determine the product of inertia [,, for the 
homogeneous tetrahedron. The density of the material is p. 
Express the result in terms of the total mass m of the solid. 
Suggestion: Use a triangular element of thickness dz and 
then express dJ,, in terms of the size and mass of the 
element using the result of Prob. 21-5. 


dm = pdV pf (a Z)(a jee = Sa 


a 3 
m=% | (a 2az 4 2)dz = 


From Prob. 21-5 the product of inertia of a triangular prism with respect to the xz 
pdz 


“54 (4 — z)*. Hence, 


a 

and yz planes is /,, = re For the element above, d/,, = 

a 
24 Jo 


(at — 4a°z + 6z7a? — 4az> + z*)dz 
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21-7. Determine the moments of inertia for the 
homogeneous cylinder of mass m about the x’, y’, z’ axes. 


Due to symmetry 


uy = cos 90° = 0, uz, = cos 45° = 
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*21-8. Determine the product of inertia [,, of the 
homogeneous triangular block. The material has a 
density of p. Express the result in terms of the total mass 
m of the block. 


The mass of the differential rectangular volume element shown in Fig. a is 
dm = pdV = pbzdy. Using the parallel - plane theorem, 


dlyy = dI yy + dmxgyg 


h 
However, z = —(a — y).Then 
a 
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e21-9. The slender rod has a mass per unit length of 
6kg/m. Determine its moments and products of inertia 
with respect to the x, y,z axes. 


The mass of segments (1), (2), and (3) shown in Fig. a is 
mM, = mM, = m3 = 6(2) = 12 kg. The mass moments of inertia of the bent rod about 
the x, y, and z axes are 


DT, = Xe t+ mye? + z¢7) 


= (040) + 5 an2’ 12(1? 4 ) Prey + 12/2? + (-1))] 
= 80kg-m’ Ans. 


= YIy + m( xg? a zg”) 


= [5 a2(2’ + 12(12 *) Froes + 12[2? + (-1)']| 


= 128kg-m? 


= DI, + m( x7 + y@’) 


a2’ + 12(1? ) 02)(2") 


176 kgm? Ans. 


Due to symmetry, the products of inertia of segments (1), (2), and (3) with respect to 
their centroidal planes are equal to zero. Thus, 


Ty = Ley + MxGYG 

[0 + 12(1)(0)] + [0 + 12(2)(1)] + [0 + 12(2)(2)] 
72 kg-m? 

Lyy + mygzG 

[0 + 12(0)(0)] + [0 + 12()(0)] + [0 + 12(2)(-1)] 
—24 kg-m? 

Yee + MxGzG 


[0 + 12(1)(0)] + [0 + 12(2)()] + [0 + 12(2)(-1)] 


—24kg: m? 
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21-10. Determine the products of inertia /,,, J,-, and I, 
of the homogeneous solid. The material has a density of 
7.85 Mg/m?*. 


The masses of segments (1) and (2) shown in Fig. a are m, = pV; 
= 7850(0.4)(0.4)(0.1) = 125.6 kg and my = p V2 = 7850(0.2)(0.2)(0.1) = 31.4kg. 


Due to symmetry [yy =Ty,=Tyy=0 for segment (1) and 
Leryn = Tyrgr = Tyrer = 0 for segment (2). Since segment (2) is a hole, it should be 
considered as a negative segment. Thus 


Ty = Uyy + MXGYG 
[0 + 125.6(0.2)(0.2)] — [0 + 31.4(0.3)(0.1)] 
= 4.08 kg+ m?* 
= Dyy + Mygig 
[0 + 125.6(0.2)(0.05)] — [0 + 31.4(0.1)(0.05) | 
1.10 kg +m? 


= Vyy + mxg%ZGg 


[0 + 125.6(0.2)(0.05)] — [0 + 31.4(0.3)(0.05) | 


= 0.785 kg +m? 
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21-11. The assembly consists of two thin plates A and B 
which have a mass of 3 kg each and a thin plate C which has 
a mass of 4.5 kg. Determine the moments of inertia J,, J, 
and I,. 


1 
Ls (3)(0.4)? = 0.04 kg- m? 


= (3)[(04y + (0.4)"] = 0.08 kg- m? 


Tey = 

For ZG, 

uy = 0 

uy = cos 60° = 0.50 

uy = cos 30° = 0.8660 

I, = 0 + 0.08(0.5)? + 0.04(0.866)? — 0 — 0 — 0 
= 0.05 kg +m?” 


= I = 0.04 kg: m? 


» = cos 30° = 0.866 
uy = cos 120° = — 0.50 


1,, = 0 + 0.08(0.866)* + 0.04(—0.5) — 0-0-0 


= 0.07 kg- m? 


3 (4.5)(0.6) + 2[0.04 + 3{(0.3 + 0.1)? + (0.1732)}] 


1.36 kg- m? 
i 
1p (45)(0.4)" + 2[0.07 + 3(0.1732)"] 


0.380 kg - m? 


= (4.5){(06) + (0.4)7] + 2[0.05 + 3(0.3 


1.26 kg - m? 


933 


91962_12_s21_p0925-0987 6/8/09 1:12 PM Page 934 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*21-12. Determine the products of inertia ty I yz and Lys 


of the thin plate. The material has a density per unit area of 
50 kg/m’. 


The masses of segments (1) and (2) shown in Fig. a are m, = 50(0.4)(0.4) = 8kg 
and mp = 50(0.4)(0.2) =4kg. Due to symmetry [yy = Iyy = Ty = 0 for 
segment (1) and Jy. = Tyr = Tyr" = 0 for segment (2). 


Ty = Xyy + MxGYG 
[0 + 8(0.2)(0.2)] + [0 + 4(0)(0.2)] 
0.32 kg: m? 
Ly + mygg 
[0 + 8(0.2)(0)| + [0 + 40.2)(0.1)] 
= 0.08 kg- m? 
= Dyy + mxg%G 
[0 + 8(0.2)(0)| + [0 + 4€)(0.1)] 


=0 


e21-13. The bent rod has a weight of 1.5 lb/ft. Locate the 
center of gravity G(x, y) and determine the principal 
moments of inertia J,,, Jy, and I, of the rod with respect 
to the x’, y’, z’ axes. 


Due to symmetry 


Sew _ DEI) + 705050] 
Sw 3[1.5(1)] 


(2309) +13 (sea) 


.0272 slug: ft? 


(ss3)0” = ) (0.67 


= 0.0155 slug: ft? 


te = A 5 555)? + (G55 Jos? + 0.16675 


4 (35 Jay + ( — (033337 


= 0.0427 slug: ft? 
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21-14. The assembly consists of a 10-lb slender rod and a 
30-Ib thin circular disk. Determine its moment of inertia 
about the y’ axis. 


The mass of moment inertia of the assembly about the x, y, and z axes are 


SNES, ; (s)() | =F (2) | salaoo)) | m2 (¥) 


= 4.3737 slug: ft? 


iy Gx Vcr ae ae ’ 
ly= (35)@) + 0 = 0.4658 slug - ft 


Due to symmetry, I, = Iy, = I,, = 0. From the geometry shown in Fig. a, 
1 
0= tan(3) = 26.57°. Thus, the direction of the y’ axis is defined by the unit 


vector 


u = cos 26.57°j — sin 26.57°k = 0.8944j — 0.4472k 


Lyus” + T,u,? 2T yy Uy Uy — 21), Uy Uz — 21,2, Uz 
4,3737(0) + 0.4658(0.8944)? + 4.3737(—0.4472)* - 0-0-0 


1.25 slug: ft? 


21-15. The top consists of a cone having a mass of 0.7 kg 
and a hemisphere of mass 0.2 kg. Determine the moment of 
inertia J, when the top is in the position shown. 


2 
oh = (0.7)[(4)(03)° + (0.1)"| 4 029) 50. | 


ie (= )o2yo03y + 02)|3 (0.03) + oy] = 6.816 (10° )kg-m? 


= (= Jor 008) + (2)co2,003) 
= 0.261 (10) kg-m? 


= cos 90° = 0, uy = cos 45° = 0.7071, uz = cos 45° = 0.7071 


pu ZT yryUy Uy — 2 y zy Uy Uy — Wy Uy Uz 
= 0 + 6.816(10-3)(0.7071)? + (0.261)(10-*)(0.7071)? — 0 - 0 - 0 


= 3.54(103) kg- m? 
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*21-16. Determine the products of inertia Ty, Ly. and 
Iz of the thin plate. The material has a mass per unit area 
of 50 kg/m’. 


The masses of segments (1), (2), and (3) shown in Fig. a are m, = m 


= 50(0.4)(0.4) = 8kg and m3 = 50] (0.1) = 0.57 kg. 


Due to symmetry Ivy = Iyy = Iyz = 0 for segment (1), Lyryr = Tyrer = Tyrer = 0 
for segment (2), and [yy = Lynyn = In." = 0 for segment (3). Since segment (3) is 
a hole, it should be considered as a negative segment. Thus 
Ixy = Zigy + MXGYG 
= [0 + 8(0.2)(0.2)] + [0 + 8(0)(0.2)] — [0 + 0.57(0)(0.2)] 
= 0.32 kg: m? 
= LVyy + MYGZG 
[0 + 8(0.2)(0)| + [0 + 8(0.2)(0.2)] — [0 + 0.57(0.2)(0.2)] 
= 0.257 kg-m? 
Typ = TIypy + mxgZGg 


[0 + 8(0.2)(0)] + [0 + 8(0)(0.2)] — [0 + 0.57(0)(0.2)] 


e21-17. Determine the product of inertia /,, for the bent 
rod. The rod has a mass per unit length of 2 kg/m. 


Product of Inertia: Applying Eq. 21-4. we have 


Thy = T(Ivy)e + MXG YG 


[0 + 0.4 (2) (0) (0.5)] + [0 + 0.6 (2) (0.3) (0.5)] + [0 + 0.5 (2) (0.6) (0.25)] 


= 0.330 kg- m? Ans. 
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21-18. Determine the moments of inertia [,,, yy, [-, for 


the bent rod. The rod has a mass per unit length of 2 kg/m. 


Moments of Inertia: Applying Eq. 21-3, we have 


Ixy = DLex eg + myG oF ZG) 
= i (0.4) (2) (0.47) + 0.4 (2) (0.5? + 02°) | 
+ [0 + 0.6 (2) (0.5? + 0°)] 
+ E (0.5) (2) (0.52) + 0.5 (2)(0.257 + | 


= 0.626 kg- m? 


= Tye + MXG ou ZG) Ob{2, % 


0-6, 0:25.0)m "O3,0.5,0)m 


1 
— (0.4) (2) (0.47) + 0.4 (2) (07 + 0.2? 
eoienlne) exesle ete) me 


~ 509) (2) (0.67) + 0.6 (2) (0.3? + | 


+ [0 + 0.5(2) (0.67 + 0*)] 
= 0.547 kg: m? 
Ten = Cez)e + m(XxG at ya) 


= [0 + 0.4 (2) (0? + 0.5)] 


+ 4 (0.6) (2) (0.67) + 0.6 (2) (0.3? + 05%)| 


+ E (0.5) (2)(0.52) + 0.5 (2) (0.67 + 025%)| 


= 1.09 kg- m? 
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21-19. Determine the moment of inertia of the rod-and- 
thin-ring assembly about the z axis. The rods and ring have 
a mass per unit length of 2 kg/m. 


For the rod, 


uz = 0.8 


IT, = 1, = =[(0.5)(2)](0.5)° = 0.08333 kg +m? 


x 


From Eq. 21-5, 


T, = 0.08333(0.6)? + 0 + 0 


I, = 0.03 kg: m? 
For the ring, 
The radius is r = 0.3m 


Thus, 


I, = mR? = [2 (27)(0.3)](0.3)? = 0.3393 kg m? 


Thus the moment of inertia of the assembly is 


I, = 3(0.03) + 0.339 = 0.429 kg: m? 
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*21-20. If a body contains no planes of symmetry, the 
principal moments of inertia can be determined 
mathematically. To show how this is done, consider the rigid 
body which is spinning with an angular velocity w, directed 
along one of its principal axes of inertia. If the principal 
moment of inertia about this axis is J, the angular momentum 
can be expressed as H = Iw = Ia,i + Iw,j + Iw,k. The 
components of H may also be expressed by Eqs. 21-10, 
where the inertia tensor is assumed to be known. Equate the 
i, j, and k components of both expressions for H and consider 
@,, @y, and w, to be unknown. The solution of these three 
equations is obtained provided the determinant of the 
coefficients is zero. Show that this determinant, when 
expanded, yields the cubic equation 


Paes ty ee 


+ axlyy Dyylzz | Tel yx is ie P21 
= Caxlyylez = Qyylyzlex — lel 


Lyiee — Lay) = 0 


The three positive roots of J, obtained from the solution of 
this equation, represent the principal moments of inertia 
[,, I,, and I,. 


xo *y 


H = Iw = Io, i 


Equating the i,j, k components to the scalar equations (Eq. 21-10) yields 


Cex I) w, Tyy @y T,,@; = 0 


Iyx @, + (yy — 1) wy — I, @, = 0 


TI, @, — Ty, + Tz, — Io, = 0 
Solution for w,, w,, and w, requires 


Cx al I) 


Expanding 


t Le) P+ (Leelyy + Lyles + Lez lx — Py - Ba - 2,)1 


Tyy 


= (Lex Ly Lee — By Tye Lex — Lae Beg — UyyBex — Teg Py) = 0 VED. 
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e21-21. Show that if the angular momentum of a body is 
determined with respect to an arbitrary point A, then Hy, 
can be expressed by Eq. 21-9. This requires substituting 
Pa = PG Pca into Eq. 21-6 and expanding, noting 
that [p¢dm = 0 by definition of the mass center and 
Vo = V4 + OX pGya. 


Ha=([ esa) xva+ f pax Wo pardm 


= (/ (eG + Paya) am) xX vat [ve + poja) X [w Xx pg + pcja)|dm 


=([vcdm) x va + (pais va) fam + [66% (o X Bo) dm 
+ ([ eadm) x (@ X peja) + Peja X (ox [ ecam) + poja X (w  paja) | am 


| pg dm = Oand from Eq. 21-8 Hg = i Pg X (@ X pg)dm 


= (paja X Va)m + He + poya X (@ X poja)m 
= poja X (v4 + (@ X paya))m + Hg 


= (Gia X mVg) + Hg 
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21-22. The 4-lb rod AB is attached to the disk and collar 
using ball-and-socket joints. If the disk has a constant 
angular velocity of 2 rad/s, determine the kinetic energy of 
the rod when it is in the position shown. Assume the angular 
velocity of the rod is directed perpendicular to the axis of 
the rod. 


VA = Vp t+ @ X Yrajp 


vai = —()(2)j 4 


Expand and equate components: 


Solving Eggs. (1)-(4): 
w, = 0.1818 rad/s 
w, = —0.06061 rad/s 
w, = 0.6061 rad/s 


v4 = 0.667 ft/s 


w is perpendicular to the rod. 
w, = 0.1818 rad/s, wy = —0.06061 rad/s, w, = 0.6061 rad/s 
ve = {-2j} ft/s 
= {3i — 1j — 1k} ft 


= 4 x slg 
= VB (6) 5) 
A j k 
Vg = —2j + 2 0.1818 —0.06061 0.6061 
3 = —1 
vc = {0.333i — 1j} ft/s 


vg = V (0.333) + (—1)? = 1.054 ft/s 


w = V‘(0.1818)? + (—0.06061)2 + (0.6061)? = 0.6356 rad/s 


T= (5)($5)e.osey + (4 (<$5)12.3166) (0.6356) 


T = 0.0920 ft- Ib 
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21-23. Determine the angular momentum of rod AB in 
Prob. 21-22 about its mass center at the instant shown. 
Assume the angular velocity of the rod is directed 
perpendicular to the axis of the rod. 


VA = Vp t+ @ X Yrajp 


j 
vai = —()(2)j 4 y 


Expand and equate components: 


Solving Eggs. (1)-(4): 
0.1818 rad/s 
—0.06061 rad/s 
= 0.6061 rad/s 


= 0.667 ft/s 


w is perpendicular to the rod. 


rap = VGY + (-1P + (1)? = 3.3166 ft 


a ee) arcane 2s . 2 
Io= (4)(S)es166 0.1139 slug: ft 


Hg = Ig @ = 0.1139 (0.1818i — 0.06061j + 0.6061k) 


Hg = {0.0207i — 0.00690j + 0.0690k) slug: ft?/s 
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*21-24. The uniform thin plate has a mass of 15 kg. Just 
before its corner A strikes the hook, it is falling with a 
velocity of vg = {—5k} m/s with no rotational motion. 
Determine its angular velocity immediately after corner A 
strikes the hook without rebounding. 


Referring to Fig. a, the mass moments of inertia of the plate about the x, y, and z 
axes are 


Ip= Ty 7 + 2g?) = 3 (15)(0.#) + 15(0.2? + 0?) = 0.8 kg: m’ 


1 
ied zg’) = 7p (15)(0.6") 15|( 0.3) 4 7 = 18kg+m* 


1 
1, = Ip + m(xg? + ye?) = yp 15)(0.4 + 0.67) 4 15|( 0.3)? 4 02°| = 2.6kg:m? 


Due to symmetry, [yy = Tye = Ivy = 0.Thus, 
Ty = Ivy + mxgyg = 0 + 15(-0.3)(0.2) = —0.9 kg +m? 
I), = Ivy + mygzg = 0 + 15(0.2)(0) = 0 
Ty = Tey + mxgzZGq = 0 + 15(—0.3)(0) = 0 


Since the plate falls without rotational motion just before the impact, its angular 
momentum about point A is 


(Hy); = IG/A x MVG = (—0.3i +E 0.2j) x 15(—5k) 
= [-15i — 22.5j] kg-m?/s 


Since the plate rotates about point A just after impact, the components of its 
angular momentum at this instant can be determined from 


[(Aa)2]. = Io, — Tyy@y oa Ty, 
= 0.80, — (—0.9)w, — 0(w,) 
= 0.80, + 0.9@, 
[Hal = —Layor + Loy — Tyo, 
(—0.9)a, + 1.80, — 0(@,) 


0.90, + 1.80, 

[(H4)2|- = —Ty,@, 4 Ty@y I,@, 
= O(@,) O(wy) t 2.6w, 
= 2.60, 


Thus, 
(Hy) = (0.80, + 0.90,)i + (0.90, + 1.8e,)j + 2.60,k 


Referring to the free-body diagram of the plate shown in Fig. b, the weight W is a 
nonimpulsive force and the impulsive force F, acts through point A. Therefore, 
angular momentum of the plate is conserved about point A. Thus, 
(Hy), = (Ha) 
15i — 22.5) = (0.80, + 0.90,)i + (0.90, + 1.80,)j + 2.60,k 


Equating the i, j, and k components, 
—15 = 080, + 0.9, 
—22.5 = 0.90, + 1.80, 
0 = 2.60, 
Solving Eqs. (1) through (3), 
@, = —10.71 rad/s wy = —7.143 rad/s 
Thus, 


w = [-10.7i — 7.14j] rad/s 
943 


91962_12_s21_p0925-0987 6/8/09 1:16 PM Page 944 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


021-25. The 5-kg disk is connected to the 3-kg slender 
rod. If the assembly is attached to a ball-and-socket joint at 
A and the 5-N-m couple moment is applied, determine the 
angular velocity of the rod about the z axis after the 
assembly has made two revolutions about the z axis starting 
from rest. The disk rolls without slipping. 


=i gr £65102) + 5(1.5)° + 5 BLS) = 13.55 


= 5 (5102) = 0.100 


o = —o,j' + o,k = j) + w, sin 7.595°j’ + w, cos 7.595°k’ 
= (0.13216w, — wy)j’ + 0.99123 w,k’ 
Since points A and C have zero velocity, 
Vo = Vat @X Iya 
0 = 0 + | (0.13216 w, — w,)j’ + 0.99123, k']  (1.5j’ — 0.2k’) 
0 = —1.48684w, — 0.026433 w, + 0.2 wy 


oy = 7.5664 w, 


w = —7.4342 @,j + 0.99123 w, k’ 


Ty + DU 4-2 = T> 


ih 1 
0 + S5(27) (2) =0+ 3 (0-100)(—7.4342 wo, + 3 (13.55)(0.99123 w,) 595°C 


w, = 2 58 rad/s 
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21-26. The 5-kg disk is connected to the 3-kg slender rod. 
If the assembly is attached to a ball-and-socket joint at A 
and the 5-N-m couple moment gives it an angular velocity 
about the z axis of w, = 2 rad/s, determine the magnitude 
of the angular momentum of the assembly about A. 


ae 


= 7 65(0.2) + 5(1.5)? + 5315 2 = 13.55 


i= 5 (5)(0.2) = 0.100 


@ = —o,j' + ok = —oyj’ + @, sin 7.595°j’ + @, cos 7.595°k’ 
= (0.13216, — wy, )j’ + 0.99123 w,k’ 
Since points A and C have zero velocity, 
Vo = Vat @X Ica 
0 = 0 + | (0.13216 w, — w, )j' + 0.99123 w, k’] X (1.5j/ — 0.2k’) 
0 = —1 486840, — 0.264330, + 0.20, 


oy = —7.5664 w, 


@ = —7.4342 w, j’ + 0.99123 w, k’ 
Since w, = 2 rad/s 
w = —14.868j' + 1 9825k' 
So that, 
Hy = [yoy + Lyoyj t+ [yok = 0 + 0.100(-14.868)j" + 13.55(1.9825) k’ 


= —1.4868j' + 26.862k’ 


H, = V(—1.4868)? + (26.862)* = 26.9 kg- m2/s 
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21-27. The space capsule has a mass of 5 Mg and the 
radii of gyration are k, = k, = 1.30 m and ky = 0.45 m. 
If it travels with a velocity vg = {400j + 200k} m/s, 
compute its angular velocity just after it is struck by a 
meteoroid having a mass of 0.80 kg and a velocity 
Vn = {—300i + 200j — 150k} m/s. Assume that the 
meteoroid embeds itself into the capsule at point A and 
that the capsule initially has no angular velocity. 


Conservation of Angular Momentum: The angular momentum is conserved about 
the center of mass of the space capsule G. Neglect the mass of the meteroid after the 
impact. 


(He) = (Ha)2 
IGA x Mm Vn = Igo 


(0.81 + 3.2j + 0.9k) x 0.8(-300i + 200j — 150k) 


= 5000 (1.307) w, i + 5000 (0.457) w, j + 5000 (1.30") w, k 


528i — 120j + 896k = 84500, i + 1012.5, j + 8450 w,k 


Equating i, j and k components, we have 
—528 = 8450w, w, = —0.06249 rad/s 
—120 = 1012.50, wy = —0.11852 rad/s 


896 = 8450w, — w, = 0.1060 rad/s 


w = {—0.0625i — 0.119j + 0.106k} rad/s 
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*21-28. Each of the two disks has a weight of 10 Ib. The 
axle AB weighs 3 lb. If the assembly rotates about the z 
axis at w, = 6 rad/s, determine its angular momentum 
about the z axis and its kinetic energy. The disks roll 
without slipping. 


w, = 12 rad/s 


wa = {-12i}rad/s wg = {12i} rad/s 


H, = E (25 Jeo" aaa 3(35 Jo? | 12i) 


is {24 (B)or | 2? | ; i (2 )wroh 


{16.6k} slug - ft?/s 


I, @, t 5 12M: 


Aeae | 
2G(2 oer 


£3 (sa Je? | 500 or | 1( 3) ber 


= 72.1 lb: ft 
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e21-29. The 10-kg circular disk spins about its axle with a 
constant angular velocity of w; = 15 rad/s. Simultaneously, 
arm OB and shaft OA rotate about their axes with constant 
angular velocities of w, = 0 and w3 = 6 rad/s, respectively. 
Determine the angular momentum of the disk about point O, 
and its kinetic energy. 


The mass moments of inertia of the disk about the centroidal x’, y’, and z’ axes, 
Fig. a, are 


1 2 1 2 2 
Ip =Iy = mr = , (10)(0.15 ) = 0.05625 kg +m 


1 2 a 1 D\ 2s 2 
zm = 5 (10)(0.15 ) = 0.1125 kg-m 


Due to symmetry, the products of inertia of the disk with respect to its centroidal 
planes are equal to zero. 

eae Prey Aetea 
Here, the angular velocity of the disk can be determined from the vector addition of 
@, and w3. Thus, 


15k] rad/s 


The angular momentum of the disk about its mass center G can be obtained by 
applying 


Hy, = Iywx = 0.05625(6) = 0.3375 kg: m?/s 
= Iywy = 0.05625(0) = 0 


= I,w, = 0.1125(15) = 1.6875 kg- m/s 


Hg = [0.3375i + 1.6875k] kg- m?/s 


Since the mass center G rotates about the x axis with a constant angular velocity of 
@3 = [6i] rad/s, its velocity is 


Vg = 3 X ¥cjo = (6i) X (0.6j) = [3.6k] m/s 


Since the disk does not rotate about a fixed point O, its angular momentum must be 
determined from 


Ho = Icjo X Myc + Hg 
= (0.6j) X 10(3.6k) + (0.3375i + 1.6875k) 
= [21.9375i + 1.6875k] kg- m?/s 
= [21.91 + 1.69k] kg- m/s 
The kinetic energy of the disk is therefore 


1 
T = 50*Ho 


1 
= 5 (61 + 15k) + (21.9375i + 1.6875k) 


= 78.5 J 
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21-30. The 10-kg circular disk spins about its axle with a 
constant angular velocity of w; = 15 rad/s. Simultaneously, 
arm OB and shaft OA rotate about their axes with constant 
angular velocities of w,) = 10rad/s and 3 = 6rad/s, 
respectively. Determine the angular momentum of the disk 
about point O, and its kinetic energy. 


The mass moments of inertia of the disk about the centroidal x’, y’, and z’ axes. 
Fig. a, are 


1 2 1 DY sa 2 
Ty = Ty = gm? = , (20)(0.15 ) = 0.05625 kg + m 


1 
2 = 5 (10)(0.157) = 0.1125 kgm? 


Due to symmetry, the products of inertia of the disk with respect to its centroidal 
planes are equal to zero. 


Lace igh = ie = 0 


Here, the angular velocity of the disk can be determined from the vector addition of 
@1, @2, and w3. Thus, 


15k] rad/s 


The angular momentum of the disk about its mass center G can be obtained by 
applying 


H, = Lyw, = 0.05625(6) = 0.3375 kg+ m? 
H, = Iya, = 0.05625(10) = 0.5625 kg +m? 


H, = I,w, = 0.1125(15) = 1.6875 kg-m? 


Hg = [0.3375i + 0.5625j + 1.6875k] kg +m? 


Since the mass center G rotates about the fixed point O with an angular velocity of 


QO, = a) + w3 = [6i + 10j], its velocity is 


Vo = © X rojo = (61 + 105) X (0.67) = [3.6k] m/s 
G G/O ( ji) x (0.6j) = [ ] m/ 


Since the disk does not rotate about a fixed point O, its angular momentum must be 
determined from 


Ho = tcjo X myg + Hg 
(0.6j) X 10(3.6k) + (0.3375i + 0.5625j + 1.6875k) 
= [21.9375i + 0.5625j + 1.6875k] kg- m?/s 
= [21.91 + 0.5625j + 1.69k] kg- m?/s 


The kinetic energy of the disk is therefore 


1 
T= 70° Ho 


1 
5(61 + 10j + 15k) + (21.9375i + 0.5625j + 1.6875k) 


81.3J 
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21-31. The 200-kg satellite has its center of mass at point G. 
Its radii of gyration about the z’, x’, y’ axes are 
ky = 300mm, ky = ky = 500mm, respectively. At the 
instant shown, the satellite rotates about the x’, y’, and 2’ 
axes with the angular velocity shown, and its center of mass 
G has a velocity of vz = {—250i + 200j + 120k} m/s. 
Determine the angular momentum of the satellite about 
point A at this instant. 


@,/ = 600 rad/s vs 
f @,’ = 300 rad/s 
The mass moments of inertia of the satellite about the x’, y’, and z’ axes are ' rane Sy! 


x 


= Iy = 200(0.5?) = 50 kg-m? 


= 200(0.37) = 18 kg-m? 


Due to symmetry, the products of inertia of the satellite with respect to the x’, y’, 
and z’ coordinate system are equal to zero. 


Tey = Tyz = Tey =0 
The angular velocity of the satellite is 


w = [600i + 300j + 1250k] rad/s 


w, = 600 rad/s wy = —300 rad/s w, = 1250 rad/s 


Then, the components of the angular momentum of the satellite about its mass 
center G are 


(Hg)x = Iw, = 50(600) = 30 000 kg- m’/s 


(Hg)y = Ty@y = 50(—300) = 15 000 kg + m’/s 


(Hg)z = Tyo = 18(1250) = 22 500 kg-m’/s 


Hg = [30 000i + 15 000j + 22 500k] kg: m/s 
The angular momentum of the satellite about point A can be determined from 
H, = TG/a x NVG F Ho 


(0.8k) X 200(—250i + 200j + 120k) + (30 000i + 15 000j + 22 500k) 


= [-2000i — 25 000j + 22 500k] kg: m2/s Ans. 
[ j g 
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*21-32. The 200-kg satellite has its center of mass at point G. 
Its radii of gyration about the z’, x’, y’ axes are k, = 300 mm, 
ky = ky = 500 mm, respectively. At the instant shown, the 
satellite rotates about the x’, y’, and z’ axes with the angular 
velocity shown, and its center of mass G has a velocity of 
Vg = {—250i + 200j + 120k} m/s. Determine the kinetic 
energy of the satellite at this instant. 


@,' = 300 rad/s 


The mass moments of inertia of the satellite about the x’, y’, and z’ axes are Sy! 


oO! = 
x 


Iy = Iy = 200(0.5?) = 50kg-m? y 
I, = 200(0.3°) = 18 kg-m? 


Due to symmetry, the products of inertia of the satellite with respect to the x’, y’, 
and z’ coordinate system are equal to zero. 


Ivy cal Tyz am Tey =0 
The angular velocity of the satellite is 


w = [600i — 300j + 1250k] rad/s 


w, = 600 rad/s wy = —300 rad/s w, = 1250 rad/s 


Since vg? = (—250)* + 2007 + 1207 = 116 900 m?/s, the kinetic energy of the 
satellite can be determined from 


1 1 
T 5 va" | yieOx | sl yey” 


i 1 1 1 
5 (200)(116 900) + 5 (50)( 600") t 5 (50) 300)? 4 3(18)(1250") 


37.0025(10°)J = 37.0MJ Ans. 
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e21-33. The 25-lb thin plate is suspended from a ball-and- 
socket joint at O. A 0.2-lb projectile is fired with a velocity 
of v = {—300i — 250j + 300k} ft/s into the plate and 
becomes embedded in the plate at point A. Determine the 
angular velocity of the plate just after impact and the axis 
about which it begins to rotate. Neglect the mass of the 
projectile after it embeds into the plate. 


Angular momentum about point O is conserved. 


(Ho)2 = (Ho)1 = ¥oa X Mp Vp 


0.2 
32.2 


1, = Gales + (1)’] 4 (S)osr = 0.3235 slug: ft? 


fil 25 2, 25 > 2 
y @leao (S)os 0.2588 slug - ft 


ia ere eee 7 
I,= Giese = 0.06470 slug: ft 


(Ho): = (Ho)2 


—0.6988i + 1.3975j + 0.4658k = 0.3235@, i + 0.2588e, j + 0.064700, k 


(Ho), = (0.25j — 0.75k) X ( 


\ 3001 — 250j + 300k) = {—0.6988i + 1.3975j + 0.4658k} b+ ft- s 


—0.6988 
WO, = 0.3235 = —2.160 rad/s 


1.3975 
= 0.2588 = 5.400 rad/s 


0.4658 
®: = 06470 > 7.200 rad/s 


w = {—2.161 + 5.40j + 7.20k} rad/s 


Axis of rotation line is along w: 


2.160i + 5.400j + 7.200k 
a 
V/(—2.160)? + (5.400)? + (7.200) 
= —0.233i + 0.583j + 0.778k 
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21-34. Solve Prob. 21-33 if the projectile emerges from 
the plate with a velocity of 275 ft/s in the same direction. 


250 300 
)i | ( k = —0.6092i — 0.5077j + 0.6092k 
492.4 492.4 


25 


ier (Ay 4 (S)osr = 0.32350 slug: ft? 


25 ee 2 
(S)os 0.25880 slug - ft 


25 
32.2 


Jar = 0.06470 slug: ft? 


H+ > [Mo dt = He 


0.2 
(0.25j — 0.75k) x (22)¢ 300i — 250j + 300k) + 0 = 0.323500, i + 0.25880«, j + 0.064700, k 


0.2 
32.2 


+(0.25j — 0.75k) x ( Jersy 0.60921 — 0.5077j + 0.6092k) 


Expanding, the i, j,k, components are: 
—0.6988 = 0.32350w, — 0.390215 


1.3975 = 0.25880, + 0.78043 


0.4658 = 0.06470w, + 0.26014 


@, = —0.9538, wy, = 2.3844, w, = 3.179 


w = {—0.954i + 2.38) + 3.18k} rad/s 
Axis of rotation is along w: 


—0.954i + 2.38] + 3.18k 
V(-0.954)? + (2.38) + (3.18) 
u, = —0.233i + 0.583) + 0.778k 
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21-35. A thin plate, having a mass of 4 kg, is suspended 
from one of its corners by a ball-and-socket joint O. If a 
stone strikes the plate perpendicular to its surface at an 
adjacent corner A with an impulse of I, = {—60i} N-s, 
determine the instantaneous axis of rotation for the plate 
and the impulse created at O. 


(Ho); + = [Mo dt = (Ho)2 


t r4jo X Ts = (Ho)2 200 mm 


0 + (—0.2(0.7071)j — 0.2(0.7071)k) X (—60i) = Uo), @ 1 + Ulo)y @yj + Uo), zk 
Expand and equate components: 
0 = Uo)x @x 
8.4853 = Uo) wy 
—8.4853 = (9), , 
I 


St. dso: weft 


1 1 
Ty = | — ](4)(0.2)* = 0.01333 I, = (| — )(4)(0.2)? = 0.01333 
i (4) Xt ; z (ye )(0.2) 


uy = cos 90° = 0, uy = cos 135° = —0.7071, uz = cos 45° = 0.7071 


(Ig), = Ipuy + Ly uy 2 ~ Wyylyly — WyyUyuy — WW ppUyly 
= 0 + (0.01333)(—0.7071)* + (0.01333)(0.7071)* - 0-0-0 


(Ig): = Uo); = 0.01333 
For (/),, use the parallel axis theorem. 
(Io)y = 0.01333 + 4[0.7071(0.2)}?,  (Lo)y = 0.09333 
Hence, from Eqs. (1) and (2): 
wy = 90.914, w, = —636.340 


The instantaneous axis of rotation is thus, 


90.914j — 636.340k 
(90.914)? + (—636.340)" 


uA = 0.141j — 0.990k 


The velocity of G just after the plate is hit is 
VG =w x IG/o 


Vo = (90.914j — 636.340k) x (—0.2(0.7071)k) = —12.857i 
m(vG)1 + » fr dt m(veg)2 


0 — 601 + i Fo dt = —4(12.857)i 


i Fo dt = {8.57i}N +s 
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*21-36. The 15-lb plate is subjected to a force F = 8 lb 
which is always directed perpendicular to the face of the 
plate. If the plate is originally at rest, determine its angular 
velocity after it has rotated one revolution (360°). The plate 
is supported by ball-and-socket joints at A and B. 


Due to symmetry 


15 
32.2 


Jazy = 0.05590 slug: ft? 


1 / 15 2, wn 2 
Iy = a (a)? + 0.4°) = 0.06211 slug: ft 


1 (15 
I, = 0.4)? = 0.006211 slug: ft” 
7 12 (3) ) ie 


For z axis 
= cos 71.57° = 0.3162 uy = cos 90° = 0 


= cos 18.43° = 0.9487 


1, = Tp + Lyuy + Tyue — UAyyttyty — 2yguyuy — UAzyuzuy 


125i |8-43°ft 


= 0.05590(0.3162)* + 0 + 0.006211(0.9487)* - 0 - 0-0 - 
tan""(2#4)=18-43° 


= 0.01118 slug: ft? 


Principle of work and energy: 
Ty ea XU 4_> = T> 


i 
0 + 8(1.2 sin 18.43°)(2m) = 5 (0.01118) 


w = 58.4 rad/s 


e21-37. The plate has a mass of 10 kg and is suspended 
from parallel cords. If the plate has an angular velocity of 
1.5 rad/s about the z axis at the instant shown, determine 
how high the center of the plate rises at the instant the plate 
momentarily stops swinging. 


Consevation Energy: Datum is set at the initial position of the plate. When the 
plate is at its final position and its mass center is located h above the datum. Thus, 
its gravitational potential energy at this position is 10(9.81)h = 98.1h. Since the 
plate momentarily stops swinging, its final kinetic energy T, = 0. Its initial kinetic 
energy i 


— 1 Di 1}1 2 Vs 
Mesiek = +5 co(o2s )|(.s ) = 0.3516 J : , 1.5 rad/s 
TEV y= Ty Ve 
0.3516 + 0 = 0 + 98.1h 


h = 0.00358 m = 3.58 mm 
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21-38. The satellite has a mass of 200 kg and radii of 
gyration of k, = ky = 400 mm and k, = 250 mm. When it 
is not rotating, the two small jets A and B are ignited 
simultaneously, and each jet provides an impulse of 
I = 1000N-s on the satellite. Determine the satellite’s 
angular velocity immediately after the ignition. 


The mass moments of inertia of the satellite about the x, y, and z axes are 
= 1, = 200(0.47) = 32 kg: m? 
= 200(0.257) = 12.5 kg: m? 


Due to symmetry, 


Thus, the angular momentum of the satellite about its mass center G is 
HH, = I,o, = 320, Hy, = Iya, = 32a, H, = Iw, = 12.50, 


Applying the principle of angular impulse and momentum about the x, y, and z axes, 


ty 
(a+ f M,. dt = (Ax). 
q 


0 + 0 = 320, 


WO, = 


0 
ty 
(H,).+ 3 [My dr = (1), 
1 
0 — 1000(0.4) — 1000(0.5) = 32a, 


wy = —28.125 rad/s 


ty 
(H+ 3 My dt = (Hd: 
ty 


0 + 1000(0.5) + 1000(0.5) = 12.5, 


w, = 80 rad/s 


w = {—28.1j + 80k} rad/s 
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21-39. The bent rod has a mass per unit length of 6 kg/m, 
and its moments and products of inertia have been 
calculated in Prob. 21-9. If shaft AB rotates with a constant 
angular velocity of w, = 6rad/s, determine the angular 
momentum of the rod about point O, and the kinetic energy 
of the rod. 


Here, the angular velocity of the rod is 


w = [6k] rad/s 


w, = w, = 0 w, = 6rad/s 
The rod rotates about a fixed point O. Using the results of Prob. 20-91 


Ay, = Ia, — Tyyoy — Iy,@; 


= 80(0) — 72(0) — (—24)(6) = 144kg-m?/s 


Tyy@, + Iya, — Iy,w, 


72(0) + 128(0) — (—24)(6) = 144 kg-m?/s 


1. Ty@y 


(—24)(0) — (—24)(0) + 176(6) = 1056 kg- m?/s 


Ho = [144i + 144j + 1056k] kg-m?/s 
G3(2,2,-)m 
The kinetic energy of the rod can be determined from (a ) 


1 
T= 7 @° Ho 


5 (6k) -(144i + 144j + 1056k) 


3168 J = 3.17 kJ 
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*21-40. Derive the scalar form of the rotational equation 
of motion about the x axis if © # w and the moments and 
products of inertia of the body are not constant with respect 
to time. 


In general 


M = (Hi j + H,k) 
= (H,i+ Hyj + Hk), + O X (H,it+ Hyj + Hk) 
Substitute OQ = O,i + O,j + O,k and expanding the cross product yields 
(Cae -0,H,+ 0H.) + (Jus -0,H,+ OH.) 
- ((4)u - O,H, + O, Hk 


Subsitute H,, A, and H, using Eq. 21-10. For the i component 


d 
=M, = dt Ux Wy Tyy @y yz @;) - QO, (Uy wy, = Ty, @; = Tyx@x) 
+ O, 7, @, — I @, — Izy wy) Ans. 


One can obtain y and z components in a similar manner. 


e21-41. Derive the scalar form of the rotational 
equation of motion about the x axis if Q # w and the 
moments and products of inertia of the body are constant 
with respect to time. 


In general 


d 
M= Ai j+ H,k 
a ei 2k) 
= (A,it+ Hy + Hk), + OX (Hyit+ Hyj + H,k) 


Substitute QO = O,i + QO, j + O,k and expanding the cross product yields 


(Cae -0,H,+ 0H.) $ ((#)us — 0,H,+ OH.) 


+ ( (#4) - 0,H, + O, i, )k 


Substitute H,, A, and H, using Eq. 21-10. For the i component 


d 
=M, = dt (Uy @y Tyy @y Tyz Wz) -— , Uy Oy — Ty; Oz — Tx) 


+ O, (I, @, — I @, — Izy wy) 


For constant inertia, expanding the time derivative of the above equation yields 


=M, = Uy a, Ixy Wy I,2@;) Q, (1) wy = Ty, @; = Ix x) 
+ QO, Uz @, — [0 — Izy wy) Ans. 


One can obtain y and z components in a similar manner. 
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21-42. Derive the Euler equations of motion for 0 # a, 
Le., Eqs. 21-26. 


In general 


d ‘ ; 
M = ap et + Hyj + H,k) 


= (H,i+ H+ H,k),, + 0x (H,i+ Hj + H,k) 


XYZ 
Substitute O = 0,i + O,j + 0,k and expanding the cross product yields 


M = (Aan ~0,H, + 0H.) + (Cae —~0,H,+ OH.) 


+ (ae ~ O,H, + O, Hy) 


Substitute H,, H, and H, using Eq. 21-10. For the i component 


Ty Wy Ty; @,) QO, Uy, wy, — i O, Tx) 
+ QO, (UI, 0, — I. 0, — Ty @y) 
Set Ipy = 1), = Iz, = 0 and require /,, J,, 1, to be constant. This yields 


2M, = I,@, — 1, 0,0, + I, Oo, 


One can obtain y and z components in a similar manner. 
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21-43. The uniform rectangular plate has a mass of 
m = 2 kg and is given a rotation of w = 4 rad/s about its 
bearings at A and B. If a = 0.2 mandc = 0.3 m, determine 
the vertical reactions at A and B at the instant the plate 
is vertical as shown. Use the x, y, z axes shown and note that 


F (™E\(S — =) 
& 12 Ct+al] 


-4 


0 


7 Jo 
[@ + op 
ZF, = m(ag)x3 A, + B,— mg = 0 
Substitute the data, 


ae 2(0.2)(0.3) | (0.3)? — (0.2)° 


2 
; 6 [(0.3) + (0.27 (4) 0.34135 


A, + By = 2(9.81) 


Solving: 
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*21-44. The disk, having a mass of 3kg, is mounted 
eccentrically on shaft AB. If the shaft is rotating at a constant 
rate of 9 rad/s, determine the reactions at the journal bearing 
supports when the disk is in the position shown. 


=M, = I, @, — Uy — I,)oy w, 


B, (1.25) — A,(1) = 0-0 


XM, = 1,0, — Uy - I,)o,@ 


y. 
A, (1) — B, (1.25) = 0-0 
DF, = ma, ; A, + B, =0 
A, + B, — 3(9.81) = 3(9)°(0.05) 


Solving, 
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021-45. The slender rod AB has a mass m and it is 
connected to the bracket by a smooth pin at A. The bracket 
is rigidly attached to the shaft. Determine the required 
constant angular velocity of w of the shaft, in order for the 
rod to make an angle of 6 with the vertical. 


The rotating xyz frame is set with its origin at the rod’s mass center, Fig. a. This 
frame will be attached to the rod so that its angular velocity is = w and the x, y, z 
axes will always be the principal axes of inertia. Referring to Fig. b, 


w = —w cos 6j + w sin 6k 


wo, = 0 @, = —wcos 6 ow, = wsiné 


Since both the direction and the magnitude is constant w = 0. Also, since 0 = wo, 
i = w = 0.Thus, 


Dxyz 
@, = Wy, = w, = 0 
The mass moments of inertia of the rod about the x, y, z axes are 


i 2 
12 mE 


Applying the equation of motion and referring to the free-body diagram of the rod, 
Fig. a, 


L 1 
IM, = Iw, — (I) — T,)oyo — (5) =0 (0 e mi) « cos 6)(w sin 6) 


2 


mo L 


A,= 6 sin 6 cos 0 (e3) 


The acceleration of the mass center of the rod can be determined from 
L L Zo 
ag =wr= #(4 sin 6 4 =) = (3 sin@ + 2) and is directed as shown in 


Fig. c. Thus, 


2 
L 
=F, = m(ag);; mg sin 0 = ee (3 sin @ + 2) cos 6 


mo L 
6 


mg sin @ = — (3 sin @ + 2) cos@ (2) 


Equating Eqs. (1) and (2), 


mo*L mw 


2 
L 
sin 0 cos 96 = mg sin 0 —~_ Gsing + 2) cos 6 


= 3g tan 0 
°\VL(2sin 0 + 1) 
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21-46. The 5-kg rod AB is supported by a rotating arm. The 
support at A is a journal bearing, which develops reactions 
normal to the rod. The support at B is a thrust bearing, which 
develops reactions both normal to the rod and along the axis 
of the rod. Neglecting friction, determine the x, y, z 
components of reaction at these supports when the frame 
rotates with a constant angular velocity of # = 10 rad/s. 


1 
I,=1,= o (5)(1)* = 0.4167kg- m2 J, = 0 


Applying Eq. 21-25 with w, = wy = 0 w, = 10 rad/s @, = @, = @, = 

IM, = 1,0, — (ly — I,oyo,; 0=0 
= Iya) — Iz, - 1,)0,0,; Bz (0.5) — A{0.5) = 0 
=1,0,- (ly —1,)o,,; A, (0.5) — B,(0.5) = 0 

Also, 

DF, = m(ag)y; By = —5(10) (0.5) By, = —250N 

ZF, = m(ag)y; Ay + By = 0 

=F,= m(ag)z; A, + B, — 5(9.81) 

Solving Eqs. (1) to (4) yields: 


A,= B= 0. <A; 


21-47. The car travels around the curved road of radius p 
such that its mass center has a constant speed vg. Write the 
equations of rotational motion with respect to the x, y, z 
axes. Assume that the car’s six moments and products of 
inertia with respect to these axes are known. 


Ans. 


Ans. 


Note: This result indicates the normal reactions of the tires on the ground are not all 
necessarily equal. Instead, they depend upon the speed of the car, radius of 
curvature, and the products of inertia I,, and [,.. (See Example 13-6.) 
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*21-48. The shaft is constructed from a rod which has a 


mass per unit length of 2kg/m. Determine the x, y, z A w = 30 rad/s 
components of reaction at the bearings A and B if at the (Sx 

instant shown the shaft spins freely and has an angular 

velocity of @ = 30 rad/s. What is the angular acceleration of 

the shaft at this instant? Bearing A can support a component 

of force in the y direction, whereas bearing B cannot. 


ZW = [3(0.2) + 1.2](2)(9.81) = 35.316 N 
LEW = 0[1.2(2)(9.81)] + 0.1[0.4(2)(9.81)] + 0.2[0.2(2)(9.81)] = 1.5696 N+ m 


DxXW 1.5696 
~ SW ~ 35.316 


= 0.04444 m 


1, = aft fo2a]o2y + [0.2(2)|(0.2)? = 0.02667 kg- m? 


Applying Eq. 21-25 with w, = w, = 0 wy = 30 rad/s w, = w, = 0 

UM, = 1, @, — (ly — I,)oy@;; Bz (0.7) — A,{0.7) = 0 

IM, = 1,0, — (I, — 1,)o, 3 35.316(0.04444) = 0.026670, 
wy = 58.9 rad/s” 

UM, = 1,0, - (ly — Iy)@y@y; By (0.7) — A,(0.7) = 0 

Also, 


—A, — B, = —1.8(2)(0.04444)(30)? 


+ B, — 35.316 = —1.8(2)(0.04444)(58.9) 
Solving Eqs. (1) to (4) yields: 


A, = B,=720N A, = B,=12.9N 
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e21-49. Four spheres are connected to shaft AB. If 
mc = 1kg and mg = 2 kg, determine the mass of spheres 
D and F and the angles of the rods, 6p and 6,, so that the 
shaft is dynamically balanced, that is, so that the bearings at 
A and B exert only vertical reactions on the shaft as it 
rotates. Neglect the mass of the rods. 


For x = 0; 2x; m, = 0 

(0.1 cos 30°)(2) — (0.1 sin 6-)mp — (0.2 sin @p)mp = 0 

For Z = 0; >Z,m, = 0 

(0.1)(1) — (0.1 sin 30°)(2) + (0.2 cos @p)mp + (0.1 cos 6-)mp = 0 
For [,, = 0; 2X Z, m, = 0 


—(0.2)(0.2 sin @p)mp + (0.3)(0.1 cos 30°)(2) — (0.4)(0.1 sin 6-)mp = 0 


For Ixy = 0; =xX1y1 Mm, = 0 


(0.1)(0.1)(1) + (0.2)(0.2 cos @p)mp — (0.3)(0.1 sin 30°)(2) 


+ (0.1 cos 6;)(0.4)(mp) = 0 


Solving, 
Op = 139° 
Mp = 0.661 kg 
Op = 40.9° 


Mp >= 1.32 kg 


965 


91962_12_s21_p0925-0987 6/8/09 1:59 PM Page 966 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


21-50. A man stands on a turntable that rotates about a 
vertical axis with a constant angular velocity of 
w, = 10 rad/s. If the wheel that he holds spins with a 
constant angular speed of w, = 30 rad/s, determine the 
magnitude of moment that he must exert on the wheel to 
hold it in the position shown. Consider the wheel as a thin 
circular hoop (ring) having a mass of 3 kg and a mean radius 
of 300 mm. 


@, = 30 rad/s 


The rotating xyz frame will be set with an angular velocity of 0. = wp = [10k] rad/s. 
Since the wheel is symmetric about its spinning axis, the x, y, and z axes will remain as 
the principle axes of inertia. Thus, 


1 
Dies Day) as 2 
cae 5 3)(03 ) = 0.135 kg-m 


1, = mr? = 3(0.3?) = 0.27 kg-m? 


The angular velocity of the wheel is w = = [-30i + 10k] rad/s. Thus, 


w, = —30 rad/s w, = 10 rad/s 


Since the directions of w, and w, do not change with respect to the xyz frame and 
their magnitudes are constant, @,,, = 0. Thus, 


Applying the equations of motion and referring to the free-body diagram shown in 
Fig. a, 


=M, = 1a, — 1,00, + [Oyo 


= Ia, — 10,0, + 10,03 = 0 — 0 + 0.27(10)(-30) = —81.0N-m 


= Ia, — 1,Qy0, + L,O,o,; =0 


M=VM,2 + M,? + M,? = V0? + (-81.02 + 0? = 81.0N-m 
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21-51. The 50-lb disk spins with a constant angular rate of 
w, = 50rad/s about its axle. Simultaneously, the shaft 
rotates with a constant angular rate of w) = 10 rad/s. 
Determine the x, y, z components of the moment developed 
in the arm at A at the instant shown. Neglect the weight of 
arm AB. 


@ = 10 rad/s 


The rotating xyz frame is established as shown in Fig. a. This frame will be set to 
have an angular velocity of O = w, = [10i] rad/s. Since the disk is symmetric about 
its spinning axis, the x, y, and z axes will remain as the principle axes of inertia. Thus, 


w, = 50 rad/s 


—, _1/ 50 2) _ 2 
I,=1,=3 (55 )(or7s ) = 0.2184 slug: ft 


= ih 50 2) — 2 
Le (35 )(ors ) = 0.4367 slug - ft 


The angular velocity of the disk is # = @, + w, = [10i + 50k] rad/s. Thus, 


w, = 10 rad/s wy, =0 w, = 50 rad/s 


Since the directions of w, and w do not change with respect to the xyz frame and 
their magnitudes are constant, w,,, = 0. Thus, 


XYZ 
@, = W, = w, = 0 

Applying the equations of motion and referring to the free-body diagram shown in 
Fig. a, 


IM, = 1,0, — 1,00, + 1Qyo; My — Az(2) =0 (1) 


IM, = Io, — 10,0, + 1,0,03 My = 0 — 0.4367(10)(50) + 0 


My = —218.36 lb-ft = —2181b-ft Ans. 
IM, = I; — 1,Qyo~. + LQ; Mz =0-0+0 


Mz Ans. 


Since the mass center of the disk rotates about the X axis with a constant angular 
velocity of w= ([l0i]rad/s, its acceleration is ag = @ X Ig — wg 
= 0 — 10°(2j) = [—200j] ft/s”. Thus, 


50 
Fz > m(ag)z 3 Az — 50 = 309 ) Az = 50 1b 


Substituting this result into Eq. (1), we have 


My = 100 lb-ft 
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*21-52. The man stands on a turntable that rotates about a 

vertical axis with a constant angular velocity of w, = 6 rad/s. If 

he tilts his head forward at a constant angular velocity of Sin @, = 1.5 rad/s 
w = 1.5 rad/s about point O, determine the magnitude of the 

moment that must be resisted by his neck at O at the instant 

6 = 30°. Assume that his head can be considered as a uniform 

10-Ib sphere, having a radius of 4.5 in. and center of gravity 

located at G, and point O is on the surface of the sphere. 


The rotating xyz frame shown in Fig. a will be attached to the head so that it rotates 
with an angular velocity of ] = w, where w = w; + w. Referring to Fig. b, 
w, = [6 cos 30° j + 6 sin 30° k] rad/s = [5.196j + 3k] rad/s. Thus, w = [-1.5i 
+ 5.196j + 3k] rad/s. Then 

w, = —1.5 rad/s wy = 5.196 rad/s w, = 3 rad/s 


The angular acceleration of the head w with respect to the XYZ frame can be 


Titot 


obtained by setting another x'y’z’ frame having an angular velocity of 
QO! = @, = [5.196j + 3k] rad/s. Thus 


@ = (dyyz) + OX @ 
= (Oey + (@2)yyz, + O' X @ + OD! X wy 
=0+0+4+0+4 (5.196j + 3k) X (-1.5i) 
= [—-4.5j + 7.794k] rad/s? 
Since 0 = 0, @yyy = @ = [—4.5j + 7.794k] rad/s”. Thus, 
@, = 0 @y = —4.5 rad/s* w, = 7.794 rad/s” 
Also, the x, y, z axes will remain as principal axes of inertia. Thus, 


2 10 
e555 087) ( 


10 


32:2) 


)(0373" = 0.06114 slug - ft? 


= 2 10 2) — 2 
Lee ( a )(0s7s ) = 0.01747 slug - ft 


Applying the moment equations of motion and referring to the free-body diagram 
shown in Fig. a, 


UM, = Iw, — (I) — I,)oyo,; My — 10 sin 30°(0.375) = 0 — (0.01747 — 0.06114)(5.196)(3) 
M, = 2.556 Ib: ft 
—(I1,-1,)w,; My = 0.01747(-4.5) — 0 M,, = —0.07861 Ib- ft 
— (I, — I,)ooy; Mz = 0.06114(7.794) — (0.06114 — 0.01747)(—1.5)(5.196) 
= 0.8161 Ib: ft 


Thus, 


My= VM,2 + M,? + M,? = V2.556 + (—0.07861)* + 0.8161? = 2.68 Ib-ft Ans. 
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e21-53. The blades of a wind turbine spin about the shaft S 
with a constant angular speed of w,, while the frame 
precesses about the vertical axis with a constant angular 
speed of w,. Determine the x, y, and z components of 
moment that the shaft exerts on the blades as a function of 6. 
Consider each blade as a slender rod of mass m and length /. 


The rotating xyz frame shown in Fig. a will be attached to the blade so that it rotates 
with an angular velocity of Q = w, where = @, + w,. Referring to Fig. b 


@p = , Sin Oi + w, cos 6k. Thus, @ = w, sin 6i + w,j + w, cos Ok. Then 


@, = w, sind Wy = W, W, = W)COS 8 


The angular acceleration of the blade w with respect to the XYZ frame can be 


obtained by setting another x'y’z’ frame having an angular velocity of 
Q! = w, = @, sin bi + w, cos 6k. Thus, 
@ = (@yy~) + A" X w 
= (@) xyz + (@2) xyz" + QO’ x Ws + QO’ x Wp 
=0+0+ (w, sin 6 + Wp cos Ok) X (aj) + 0 


= —0,0, 


cos 61 + ww, sin 0k 
Since D = o, @yyy = w.Thus, 


@, = —@,W, COS O t @, = @,@, sin @ 


Also, the x, y, and z axes will remain as principle axes of inertia for the blade. Thus, 
1 2_2 2 
I, = Ly = 75 QmD = aml I, 


Applying the moment equations of motion and referring to the free-body diagram 
shown in Fig. a, 


2 2 
=M, = 1,0, — (fy = 1,)o,o,; M,= ql '(— eo cos @) — (2 mP - 0 (way cos 0) 


4 


aie ml ws@y COS 8 Ans. 


2 
0- (0 - Fm \(o, cos )(w, sin @) 


1 
3 me? Wy” sin 20 Ans. 


— Uy — Ty)oxay ; 0-0=0 Ans. 
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21-54. Rod CD of mass m and length L is rotating with a 
constant angular rate of w, about axle AB, while shaft EF 
rotates with a constant angular rate of w.. Determine the X, 
Y, and Z components of reaction at thrust bearing E and 
journal bearing F at the instant shown. Neglect the mass of 
the other members. 


The rotating xyz frame shown in Fig. a will be attached to the rod so that it rotates 
with an angular velocity of OQ = w, where w = w, + @) = woi — w,j. Thus, 


Wy @) 


The angular acceleration of the rod w with respect to the XYZ frame can be 
obtained by using another rotating x’y’z’ frame having an angular velocity of 
QO! = @) = wi. Fig. a. Thus, 


@ = (@yy~) + A" X w 
= (1) x'y'2" + (a2) x'y'2" + QO! X w+ QD! X @ 
= 0+ 0 + (ai) x (—aj) + 0 
— —w, 0k 
Since O = @, yy = o.Thus, 
o, = ~W1W) 
Also, the x, y, and z axes will remain as principal axes of inertia for the rod. Thus, 


1 
I, I,= ppm’ 


Applying the equations of motion and referring to the free-body diagram shown in 
Fig. a, 


(1, - L,)oyo; 0 = 0 
(1, - I,)owy Ez (a) — Fz (a) = 0-0 


E;,-Fz=0 ) 


«= Lag ~ (Ie = Lyoseys F(a) ~ By(a) = G5 mb? (-01 ) ~ (0 ml? )(wn)(-e) 


mLo,0> 
6a 


Fy Ey = (2) 


Since the mass center G does not move, ag = 0. Thus, 
=F y = m(ag)x; Ey =0 

2Fy=m(ag)y; Fy + Ey =0 

XFz = m(ag)z; Fz+ Ez -—mg =0 


Solving Egs. (1) through (4), 
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21-55. If shaft AB is driven by the motor with an angular 
velocity of w, = 50rad/s and angular acceleration of 
@; = 20 rad/s” at the instant shown, and the 10-kg wheel 
rolls without slipping, determine the frictional force and the 
normal reaction on the wheel, and the moment M that must 
be supplied by the motor at this instant. Assume that the 
wheel is a uniform circular disk. 


The rotating xyz frame is established to coincide with the fixed XYZ frame at the 
instant considered, Fig. a. This frame will be set to have an angular velocity of 
Q, = @, = [50k] rad/s. Since the wheel is symmetric about its spinning axis, the x, y, 
z axes will remain as the principal axes of inertia. Thus, 


Lam £(10)(0.1?) + 10(0.3?) = 0.925 kgm? 


1064-6) N 
1 
5 (10)(0.17) = 0.05 kgm? 
Since the wheel rolls without slipping, the instantaneous axis of zero velocity is 
shown in Fig. b. Thus 


= w) = 3, = 3(50) = 150 rad/s 


a 


The angular velocity of the wheel is @ = @, + w2 = [150i + 50k] rad/s. Then, 


w, = 150 rad/s y = 0 w, = 50 rad/s 


Since the directions of w,; and w, do not change with respect to the xyz frame, 
Oxyz = (1) xyz + (@2) xyz where (@2) xyz = 3(@1) xyz = 3(20) = 60 rad/s’. Thus, 
@xyz = [601 + 20k] rad/s”, so that 


@, = 60 rad/s” f w, = 20 rad/s” 


Applying the equations of motion and referring to the free-body diagram shown in 
Fig. a, 


IM, = IW, — 1,00, + T.Q,0; F(0.1) = 0.05(60) — 0 + 0 F = 30N Ans. 


IM, = lay — 10,0, + 1.00; N(0.3) — 10(9.81)(0.3) = 0 — 0 + 0.05(50)(150) 
N = 1348.1N = 1.35 kN Ans. 
= 10, — 1,.Q,0, + 1,0,0,; M — 30(0.3) = 0.925(20) - 0 + 0 


M =275N:m 
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*21-56. A stone crusher consists of a large thin disk which 
is pin connected to a horizontal axle. If the axle rotates at a 
constant rate of 8 rad/s, determine the normal force which 
the disk exerts on the stones. Assume that the disk rolls 
without slipping and has a mass of 25 kg. Neglect the mass 
of the axle. 


1 
1, = | (25)(0.2)? + 25(0.8)? = 16.25 kgm? 


1 
5 (25)(0.2)? = 0.5 kg-m? 


@ = —wyj + w,k, where w, = 8 rad/s 


v = 0.80, = (0.8)(8) = 6.4 m/s 


= yy, + AX w = 04 (8k) X (-32j + 8k) 

w, = 256 rad/s” 

EM, = Iy@, — (ly — 1.) eye, 

Np (0.8) — 25(9.81)(0.8) = (16.25)(256) — (0.5 — 16.25)(—32)(8) 


Np = 405N 
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e21-57. The 25-lb disk is fixed to rod BCD, which has 
negligible mass. Determine the torque T which must be 
applied to the vertical shaft so that the shaft has an angular 
acceleration of w = 6 rad/s’. The shaft is free to turn in its 
bearings. 


_1f 25 Bk 25 a > 
(sg) (S)o 3.4938 slug - ft 


Applying the third of Eq. 21-25 with J, = I,,@, = a, = 0,@, = 6 rad/s? 


y 


IM, = 1,0; — (Iy — 1,)o,@y; T= 3.4938(6) = 21.0 Ib- ft 


21-58. Solve Prob. 21-57, assuming rod BCD has a weight 
per unit length of 2 lb/ft. 


Le (ar + (Z5)or + 2207 + (er - asm 


Applying the third of Eq. 21-25 with J, = I,,@, = w, = 0,@, = 6 rad/ s? 


IM, = 1,0, — (Iy — 1) oy; T = 3.9079(6) = 23.4 Ib: ft 


/(Z) |b 
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21-59. Ifshaft AB rotates with a constant angular velocity 
of w = 50 rad/s, determine the X, Y, Z components of 
reaction at journal bearing A and thrust bearing B at the 
instant shown. The thin plate has a mass of 10 kg. Neglect 450 mm 


the mass of shaft AB. ane 
150 mm 


A 


= 50 rad/s 
(ae 


The rotating xyz frame is set with its origin at the plate’s mass center as shown on a 


the free-body diagram, Fig. a. This frame will be fixed to the plate so that its angular 
velocity is Q = w and the x, y, and z axes will always be the principal axes of inertia 
of the plate. Referring to Fig. b, 


w = [-50 sin 60° j + 50 cos 60° k] rad/s = [—43.30j + 25k] rad/s 


wy = —43.30 rad/s w, = 25 rad/s 


Since w is always directed towards the —Y axis and has a constant magnitude, w = 0. 
Also, since 0 = w, @,); = @ = 0.Thus, 


The mass moments of inertia of the plate about the x, y, and z axes are 


1 1 
folsa (10)(0.3) = 0.075 kg- m? Le 7p (20)(0.37 + 0.3?) = 0.15 kg-m? 


Applying the equations of motion, 


UM, = Iw, — (I) — ,)@yo,; Bz(0.45) — Az(0.45) = 0 — (0.15 — 0.075)(—43.30)(25) 
Bz — Az = 180.42 (1) 
— U, — I,)w,0,; —Ay(0.45 cos 60°) — By(0.45 cos 60°) = 0 — 0 


Ay = —By (2) 


— (1, — 1,)o,w,; —Ax(0.45 sin 60°) — Bx(0.45 sin 60°) = 0 — 0 Noor JS 
= e 
Ay = —By w+ 50 rad/s 
LF y = m(aG)x3 By — Ay =0 . Cb) 


2=Fy = m(ag)y; By = 0 


=Fz=m(ag)z; Az+ Bz — 1019.81) = 0 

Solving Egs. (1) through (4), 

Az = —41.16N = —41.6N Bz = 139.26N = 139N Ans, 
Ay = By =0 Ans. 


The negative sign indicates that A, acts in the opposite sense to that shown on the 
free-body diagram. 
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*21-60. A thin uniform plate having a mass of 0.4 kg spins 
with a constant angular velocity w about its diagonal AB. If 
the person holding the corner of the plate at B releases his 
finger, the plate will fall downward on its side AC. 
Determine the necessary couple moment M which if 
applied to the plate would prevent this from happening. 


Using the principal axis shown, 


i _ 
zy (0.4)(0.3" = 3(10°3) kg-m? 


1 
7 (0.4)(0.15) = 0.75(10~3) kg» m? 


3 (0.4)| (0.3) + (0.15)?] = 3.75(1073) kg + m? 


w sin 26.57°, 
@ cos 26.57°, 
wo, = 0 


= I,@, — Uy — Ia, w, 
— UT, — Ix)o, @; 


=I, 


aaa 4 


= Uy a T,)@, wy 
[3(10~$) — 0.75(107$) Jo? sin 26.57°cos 26.57° 
9(10-3)o? N-m = —0.9«? mN+m 


The couple acts outward, perpendicular to the face of the plate. 
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21-61. Show that the angular velocity of a body, in 
terms of Euler angles ¢, 0, and w, can be expressed as 
o= (# sin 0 sin yy +0 cos )i + (¢ sin 6 cos  — 6 sin y)j + 
( cos @ + w)k, where i, j, and k are directed along the x, y, 
z axes as shown in Fig. 21-15d. 


From Fig. 21-15b. due to rotation ¢, the x, y, z components of ¢ are simply ¢ along 
Z axis. 


From Fig 21-15c, due to rotation 9, the x, y, z components of b and 6 are ry sin 6 in 
the y direction, o cos @ in the z direction, and 6 in the x direction. 


Lastly, rotation w. Fig. 21-15d, produces the final components which yields 


o= (¢ sin # sin yw + 0 cos bi + (6 sin 6 cos yf — 6 sin b)i + (¢ cos 6 + bk Q.E.D. 


21-62. A thin rod is initially coincident with the Z axis 
when it is given three rotations defined by the Euler angles 
@ = 30°,6 = 45°, andy = 60°. If these rotations are given in 
the order stated, determine the coordinate direction angles a, 
B, y of the axis of the rod with respect to the X, Y, and Z 
axes. Are these directions the same for any order of the 
rotations? Why? 


u = (1 sin 45°) sin 30° i — (1sin 45°) cos 30°j + 1cos 45° k 
u = 0.35361 — 0.6124j + 0.7071k 


a = cos ! 0.3536 = 69.3° 


B = cos ‘(—0.6124) = 128° 


y = cos!(0.7071) = 45° 
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21-63. The 30-lb wheel rolls without slipping. If it has a 
radius of gyration kg = 1.2 ft about its axle AB, and the 
vertical drive shaft is turning at 8 rad/s, determine the 
normal reaction the wheel exerts on the ground at C. 
Neglect the mass of the axle. 


QO, = w = 8 rad/s 
= —13.33 rad/s 


IM, =1,0,0; —30(3) — N,(3) = ( Joa.» |(@y(-13.3) 


N, = 77.7 1b 


ye 3(09) = 3(8) ft/s 
L-Oft 


*21-64. The 30-lb wheel rolls without slipping. If it has a 
radius of gyration kyg = 1.2 ft about its axle AB, 
determine its angular velocity w so that the normal reaction 
at C becomes 60 Ib. Neglect the mass of the axle. 


XM, =1,Q,0,; — 30(3) — 60(3) = Ea (1.2) Jo(-1.6670) 


w = 6.34 rad/s 
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021-65. The motor weighs 50 lb and has a radius of 
gyration of 0.2 ft about the z axis. The shaft of the motor is 
supported by bearings at A and B, and spins at a constant 
rate of w, = {100k} rad/s, while the frame has an angular 
velocity of w, = {2j} rad/s. Determine the moment which 
the bearing forces at A and B exert on the shaft due to this 
motion. 


Applying Eq. 21-30: For the coordinate system shown 6 = 90° ¢ = 90° pee: 
6=0 @ = 2rad/s # = 100 rad/s. a 


—I¢? sin cos 6 + I, ¢ sin Ah cos 6 + ww) reduces to 


50 


2°, ).0.29 exc = 12.4 1b-ft 


Los; M, = ( 


Since w, = 0 


21-66. The car travels at a constant speed of 
vc = 100 km/h around the horizontal curve having a radius 
of 80 m. If each wheel has a mass of 16 kg, a radius of 
gyration kg = 300 mm about its spinning axis, and a radius 
of 400 mm, determine the difference between the normal 
forces of the rear wheels, caused by the gyroscopic effect. 
The distance between the wheels is 1.30 m. 


I = 2[16(0.3)"] = 2.88 kg- m? 


_ 100(1000) 


= 3600(0.4) = 69.44 rad/s 


Ws 


_ 100(1000) 


= = 0.347 rad 
P ~ “80(3600) rad/s 


M = lo,o, 
AF(1.30) = 2.88(69.44)(0.347) 


AF = 53.4N 
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21-67. The top has a mass of 90 g, a center of mass at G, 
and a radius of gyration k = 18mm about its axis of 
symmetry. About any transverse axis acting through point O 
the radius of gyration is k, = 35 mm. If the top is connected 
to a ball-and-socket joint at O and the precession is 


w, = 0.5 rad/s, determine the spin o,. 


w, = 0.5 rad/s 
=M, = -I¢* sin 8 cos 8 + Ld sin a4 cos 6 + i) 
0.090(9.81)(0.06) sin 45° = —0.090(0.035)* (0.5)* (0.7071) 


+ 0.090(0.018)7(0.5)(0.7071)| 0.5(0.7071) + w] 
w, = = 3.63(10°) rad/s 


*21-68. The top has a weight of 3 Ib and can be considered 
as a solid cone. If it is observed to precess about the vertical 
axis at a constant rate of 5 rad/s, determine its spin. 


ee 1 Foy" 3 (3) 2 
: 5(S)/4( 3) : (3) | * 359\ 1 0.01419 slug - ft 


3. 6 \/ 1 24 
Lee (35)(33) = 0.43672(10°°) slug: ft 


=M, = —I¢’ sin 6 cos 6 + 1,dsino( bcos + i) 


2S )osin 30°) — (0.01419)(5) sin 30° cos 30° + 0.43672(103)(5) sin 20°(5 cos 30° + i) 


w = 652 rad/s Ans, 
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°21-69. The empty aluminum beer keg has a mass of m, 
center of mass at G, and radii of gyration about the x and 
y axes of ky = ky = SY, and about the z axis of k, = ir, 
respectively. If the keg rolls without slipping with a constant 
angular velocity, determine its largest value without having 


the rim A leave the floor. 


Since the beer keg rolls without slipping, the instantaneous axis of zero velocity is 
indicated in Fig. a. Thus, @, = w, sin a. 


Since 1 = @,, h = @, = —,sina, and 6 = 90° — @ are constant, the beer keg 


undergoes steady precession. 


I=T1 I (3 i OF i? and I ( ee Referring to the 
=[,=I1,=m\—-r}) =—mr =m = —mr-. 
eae? 4 16 : 16 2 
free-body diagram of the beer keg in Fig. D, 


» = —I¢* sin 6 cos 6 + Ld sin Od cos 6 + bh); 


Fz cosa(r) — Ngsina(r) = — 16 mr*(—a@, sin a)’ sin (90° — a) cos (90° — a) 


at 
+ 16 mr?(—«, sin a) sin (90°—a)[(—«@, sin a) cos (90°—a) + ,] 


1 
Fgcosa ~ Ngsina = +2 mr ax sin a cos a(26 sin? a — 1) (e8) 


Since the mass center G of the beer keg rotates about the Z axis, Fig. a, its 
. : r COS’ @ 

acceleration can be found from dag= wR = (-@, sin o( 4) 
sin a 


2, 
Ss 


2 


= wr sin a cos’ @ and it is directed towards the negative Y’ axis. Fig. a. Since the 


mass center does not move along the Z’, (ag)z = 0. Thus, 
{Fy = m(ag)y'; —Fp,= —m( wer sin a cos” a) 
Se de 2 
Fz = mor sin a cos’ a 


2Fz = m(ag)z'; Nzg-— mg =0 Ng = mg 


Substituting these results into Eq. (1), 


16g 
os = 2 9 
r COS a(16cos a — 26 sin*a + 1) 
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21-70. The 10-kg cone spins at a constant rate of 
ws = 150 rad/s. Determine the constant rate w, at which it 
precesses if 6 = 90°. 


Here, @ = 180° — 90° = 90°, & = o, = —150 rad/s, and = o, are constants. Thus, 


3 
this is a special case of steady precession. J, = 79 (1)(0.1”) = 0.03 kg- m’, 
0, = —¢ = -e,, and w, = pb = —150 rad/s. Thus, 


=M, = 10,0, —10(9.81)(0.225) = 0.03(—w,)(—150) 


w, = —4.905 rad/s 


100 mm x 7 


O.29m 


10(9-3DN 


21-71. The 10-kg cone is spinning at a constant rate of 
w, = 150 rad/s. Determine the constant rate w, at which it 
precesses if @ = 30°. 


Since = a, = —150 rad/s, p = wp, and 6 = 180° — 30° = 150° are constants, the 


3 
cone undergoes steady precession. J, = i0 (10)(0.27) = 0.03 kg-m* and J = I, = 


i= = 103] 4(0.2) + 03°| + 10(0.2257) = 0.555 kg-m?. 


Thus, 
=M, = —I¢* sin 6 cos 6 + Ld sin A(d cos 8 + ) 
—10(9.81) sin 30°(0.225) = —0.5550%, sin 150° cos 150° + 0.03, sin 150°| w, cos 150° + (-150)| 


0.22737, — 2.25w, + 11.036 = 0 


Solving, 


w, = 13.5 rad/s or 3.60 rad/s 
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*21-72. The 1-lb top has a center of gravity at point G. If it 
spins about its axis of symmetry and precesses about the 
vertical axis at constant rates of w, = 60rad/s and 
w, = 10 rad/s, respectively, determine the steady state 
angle 6. The radius of gyration of the top about the z axis is 
k, = 1in., and about the x and y axes it isk, = ky = 4in. 


w, = 10 rad/s 


Since y = w, = 60 rad/s and = w, = —10rad/s and 6 are constant, the top 
undergoes steady precession. 


I -( : \(AY = 21567(10-4) st f? ad I=1,=1 -( : \(4) 
=~ \32.2/\12 2 BLS KONO) a 


= 3.4507(10°5) slug: ft. 


Thus, 
=M, = -I¢? sin 8 cos 9 + Ld sin ad cos + b) 
—1 sin 0(0.25) = —3.4507(10~)(—10)’ sin @ cos @ + 215.67(10~°)(—10) sin 6[(—10) cos @ + 60] 


0 = 68.1° Ans. 


e21-73. At the moment of take off, the landing gear of an 
airplane is retracted with a constant angular velocity of 
@, = 2 rad/s, while the wheel continues to spin. If the plane 
takes off with a speed of v = 320 km/h, determine the 
torque at A due to the gyroscopic effect. The wheel has a 
mass of 50 kg, and the radius of gyration about its spinning 
axis is k = 300 mm. 


k 1000 
When the plane travels with a speed of v= (220 ™)( =) 


h 1km 


1h 
( 3 at) = 88.89 m/s, its wheel spins with a constant angular velocity of 
88.89 


= 222.22 rad/s. Here, @= 90°, Q,=@,=2rad/s and 


@, = 222.22 rad/s are constants. This is a special case of steady precession. 


50(0.3”) = 4.5kg-m’. Thus, 


= LO M, = 4.5(2)(222.22) = 2000N-m = 2kN-m_ Ans, 
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21-74. The projectile shown is subjected to torque-free 
motion. The transverse and axial moments of inertia are J 
and J,, respectively. If @ represents the angle between the 
precessional axis Z and the axis of symmetry z, and B 
is the angle between the angular velocity w and the z 
axis, show that 6 and @ are related by the equation 
tan 6 = (//1,) tan B. 


Hgsin 6 Hg cos 0 oy TI, 
From Eq. 21-34 @, = 7 and w, = Hence — = T tan 6 


I, @, 


However, w, = wsin B and w, = wcos B 


I 
as tan B = —tan 6 
w, I 


I 
tan @ = 7 ane 


Zz 


21-75. The space capsule has a mass of 3.2 Mg, and about 
axes passing through the mass center G the axial and 
transverse radii of gyration are k, = 0.90 mand k, = 1.85 m, 
respectively. If it spins at w, = 0.8 rev/s, determine its 
angular momentum. Precession occurs about the Z axis. 


Gyroscopic Motion: Here, the spinning angular velocity 
w = w, = 0.8(27) = 1.67 rad/s. The moment of inertia of the satelite about the 


z axis is I, = 3200(0.97) = 2592 kg-m* and the moment of inertia of the satelite 


about its transverse axis is J = 3200( 1.85”) = 10 952 kg- m’. Applying the third of 
Eq. 21-36 with @ = 6°, we have 


ee 


y= Tr Hg cos @ 


z 


1 Gq] 10.952 = 2592 
"| 10 952(2592) 


|e cos 6° 


Hg = 17.16(10°) kg: m?/s = 17.2 Mg: m’/s 
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*21-76. The radius of gyration about an axis passing through 
the axis of symmetry of the 2.5-Mg satellite is k, = 2.3m, 
and about any transverse axis passing through the center of 
mass G, k, = 3.4m. If the satellite has a steady-state 
precession of two revolutions per hour about the Z axis, 
determine the rate of spin about the z axis. 


I, = 2500(2.3)° = 13 225 kg: m? 


T = 2500(3.4)? = 28 900 kg + m? 


Use the result of Prob. 21-74. 


I 
tan 6 = (4) tan B 
T, 


28 900 
tan 10° = (= }t 
Sim (3 a) oe 


B = 4.613° 


From the law of sines, 


sin 5.387° _ sin 4.613° 


ib 2 
w = 2.33 rev/h 


e21-77. The 4-kg disk is thrown with a spin w, = 6 rad/s. 
If the angle 6 is measured as 160°, determine the precession 
about the Z axis. 


T = + (4)(0.125)? = 0.015625 kg-m? — I, = + (4)(0.125)? = 0.03125 kg m? 


Applying Eq. 21-36 with @ = 160° and = 6 rad/s 


. I-4k, 


y= Tl Ho cos 0 


z 
_ 0.015625 — 0.03125 
0.015625(0.03125) 


Ho cos 160° 


Hg = 0.1995 kg+ m/s 


0.1995 
0.015625 


= 12.8 rad/s 


Note that this is a case of retrograde precession since I, > I. 
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21-78. The projectile precesses about the Z axis at a 

constant rate of @ = 15 rad/s when it leaves the barrel of a 

gun. Determine its spin y and the magnitude of its angular 

momentum Hg. The projectile has a mass of 1.5 kg and radii 

of gyration about its axis of symmetry (z axis) and about be 1stads 
its transverse axes (x and y axes) of k, = 65mm and 

k, = ky, = 125 mn, respectively. 


Since the only force that acts on the projectile is its own weight, the projectile 
undergoes torque-free motion. I,= 1.5(0.065?) = 6.3375(1075) kgm’, 
I = 1, = I, = 1.5(0.125?) = 0.0234375 kg: m?, and 6 = 30°. Thus, 


Hg = Id = 0.0234375(15) = 0.352 kg+ m?/s 


I-1,. 


d cos 6 


z 


0.0234375 — 6.3375(10°°) 
6.3375(10°>) 
35.1 rad/s 


(15) cos 30° 


21-79. The satellite has a mass of 100 kg and radii of gyration 
about its axis of symmetry (z axis) and its transverse axes (x or 
y axis) of k, = 300 mm and k, = k, = 900 mm, respectively. 
If the satellite spins about the z axis at a constant rate of 
ys = 200 rad/s, and precesses about the Z axis, determine the 
precession ¢ and the magnitude of its angular momentum Hg. 


wh = 200 rad/s 


Since the weight is the only force acting on the satellite, it undergoes torque-free 
motion. 


Here, J, = 100(0.3?) = 9kg-m’, J = I, = 1, = 100(0.9°) = 81kg-m’, and 
6 = 15°. Then, 


i Lait 
y= 


“ bcos 0 


z 


200 = Gas yo cos 15° 


d = 25.88 rad/s 


Using this result, 


He 
25.88 = —* 
81 


Hg = 2096 kg: m?/s = 2.10 Mg: m?/s 
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*21-80. The football has a mass of 450 g and radii of Hg = 0.02 kg « m2/s 
gyration about its axis of symmetry (z axis) and its transverse a z 
axes (x or y axis) of k, = 30mm and k, = ky = 50mm, A 
respectively. If the football has an angular momentum of 

Hg = 0.02 kg-m?/s, determine its precession ¢ and spin w. 

Also, find the angle 6 that the angular velocity vector 

makes with the z axis. 


Since the weight is the only force acting on the football, it undergoes torque-free 
motion. I, = 0.45(0.037) = 0.405(107*) kg-m?, J = 1, = I, = 0.45(0.05") 
= 1.125(1073) kg-m?’, and @ = 45°. 


_ 0.02 
1.125(10°3) 


= 17.78 rad/s = 17.8 rad/s 


1.125(10-3) — 0.405(10°3) 
1.125(10°*)(0.405)(10") 


z 


Hg cos 0 = (0.02) cos 45° 


22.35 rad/s = 22.3 rad/s 


_ Hgsiné@ _ 0.02 sin 45° 
I 1.125(10°4) 
_ Hgcosé _ 0.02 cos 45° 
I, 0.405(10°3) 


= 12.57 rad/s 


= 34.92 rad/s 


Wy 12.57 
= tan! = tan! = 19,8° 
oat (=) oa Gea) 
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e21-81. The space capsule has a mass of 2 Mg, center of 
mass at G, and radii of gyration about its axis of symmetry 
(z axis) and its transverse axes (x or y axis) of kK, = 2.75 m 
and k, = k, = 5.5m, respectively. If the capsule has the 


angular velocity shown, determine its precession @ and spin 


w. Indicate whether the precession is regular or retrograde. 
Also, draw the space cone and body cone for the motion. 


The only force acting on the space capsule is its own weight. Thus, it undergoes 

torque-free motion. 7, = 2000(2.757) = 15 125kg-m’, J = I, = I, = 2000(5.5) 
= 60 500 kg- m*. Thus, 

_ He siné 


Oy T 


403308 = Hgsindé 
a =" 60.500 
Hg sin 6 = 4537500 


_ Hg cos é 
= 7. 


@, 


Hg cos @ 


150 cos 30° = 155 


Hg cos 6 = 1 964 795.13 
Solving Egs. (1) and (2), 
Hg = 4.9446(10°) kg-m?/s 


Using these results, 


_ Hg Hg  4:9446(10°) 
$= 7 = 60500 60500 


= 81.7 rad/s 


Pi g — | 90.500 = 15 125 
I, °°" ~ | 69 50015125) 


|j14e(1% cos 30° 


212 rad/s 


Since J > [,, the motion is regular precession. 
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e22-1. A spring is stretched 175 mm by an 8-kg block. If 
the block is displaced 100mm downward from _ its 
equilibrium position and given a downward velocity of 
1.50 m/s, determine the differential equation which 
describes the motion. Assume that positive displacement is 
downward. Also, determine the position of the block when 
t=0.22s. 


+) 3F,= may; mg —k(y+ yu) = my — where kys = mg 


+£y=o 
y mo 


k 8(9.81) 
Hence p = ,/— Where k = = 448.46 N/m 
m 


0.175 
448.46 
Sale gh 7.487 


y+ (7487"y =0 yt 561y =0 
The solution of the above differential equation is of the form: 
y = Asin pt + Bcos pt 
v = y = Apcos pt — Bpsin pt 
Att = 0,y = 0.1 mand v = vp = 1.50 m/s 
From Eq. (1) 0.1 = Asin0 + Bcos0O B=01m 


From Eq. (2) Apexi e. 22s 2505 
rom 5 Uy = cos = ee m 
4 ae p 7487 


Hence y = 0.2003 sin 7.487t + 0.1 cos 7.487t 


Att = 0.228, y = 0.2003 sin [7.487(0.22)] + 0.1 cos [7.487(0.22)] 


= 0.192 m 


22-2. When a 2-kg block is suspended from a spring, the 
spring is stretched a distance of 40mm. Determine the 
frequency and the period of vibration for a 0.5-kg block 
attached to the same spring. 


F 2(9.81) 
k= = hogp = 4905N/m 


Lk 1490.5 
= = = 31.321 
P m 0.5 


Bae i = 4.985 Hz 


Qa 7 


1 
4.985 = 0.201 s 
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22-3. A block having a weight of 8 lb is suspended from a 
spring having a stiffness k = 40 lb/ft. If the block is 
pushed y = 0.2 ft upward from its equilibrium position 
and then released from rest, determine the equation which 
describes the motion. What are the amplitude and the 
natural frequency of the vibration? Assume that positive 
displacement is downward. 


+/=F,= may; mg —k(y+ yu) = my — where kyy = mg T= k(4t%c) 


k 
y+—y=0 
m 


k 40 
PA, Na22 


P _ 12.689 _ on 
a ‘ 


The solution of the above differential equation is of the form: 
v = Asin pt + Bcos pt 
v = y = Apcos pt — Bpsin pt 
Att = 0,y = —0.2 ft and v = vy = 0 


From Eq. (1) —0.2 = Asin 0° + Bcos 0° 
From Eq. (2) vp = Apcos 0° — 0 


Hence y = —0.2 cos 12.7t 


Amplitude C = 0.2 ft 


*22-4. A spring has a stiffness of 800 N/m. If a 2-kg block 
is attached to the spring, pushed 50mm above its 
equilibrium position, and released from rest, determine the 
equation that describes the block’s motion. Assume that 
positive displacement is downward. 


k 800 
p=.,| Af 20 
m 2 


y = Asin pt + Bcos pt 


y = —0.05 m when ¢t = 0, 
—0.05 = 0+ B; B = —0.05 
v = Apcos pt — Bpsin pt 
v = Owhent = 0, 


0 = A(20)-0; A=0 


y = —0.05 cos (201) 
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022-5. A 2-kg block is suspended from a spring having a 
stiffness of 800 N/m. If the block is given an upward 
velocity of 2 m/s when it is displaced downward a distance 
of 150mm from its equilibrium position, determine the 
equation which describes the motion. What is the amplitude 
of the motion? Assume that positive displacement is 


downward. 
k 800 
p=.,l] <p 20 
m 2 


x = Asin pt + Bcos pt 


x = 0.150 m when t = 0, 
0.150 = 0 + B; B = 0.150 
v = Apcos pt — Bpsin pt 
v = —2m/s whent = 0, 


~2 = A(20)-0; A=-O1 


x = 0.1 sin (20f) + 0.150 cos (207) 


C= VA? + B= V(0.1)? + (0.150)? = 0.180 m 


22-6. A spring is stretched 200 mm by a 15-kg block. If the 
block is displaced 100 mm downward from its equilibrium 
position and given a downward velocity of 0.75 m/s, 
determine the equation which describes the motion. What is 
the phase angle? Assume that positive displacement is 
downward. 


_ F _ 15(9.81) 
0.2 


y 
[k [735.75 
= = = 7.00 
P m 15 


y = Asin pt + Bcos pt 


= 735.75 N/m 


y = 0.1m whent = 0, 
0.1=0-+ B; B=0.1 
v = Apcos pt — Bpsin pt 
v = 0.75 m/s when t = 0, 

0.75 = A(7.00) 
A = 0.107 


y = 0.107 sin (7.001) + 0.100 cos (7.002) 


B 0.100 
= tan! = tan! = 43.0° 
ois (4) om (om) 
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22-7. A 6-kg block is suspended from a spring having a 
stiffness of k = 200 N/m. If the block is given an upward 
velocity of 0.4 m/s when it is 75 mm above its equilibrium 
position, determine the equation which describes the 
motion and the maximum upward displacement of the 
block measured from the equilibrium position. Assume that 
positive displacement is downward. 


p= ae Seah 
m 6 


x = Asin pt + Bcos pt 


x = 0.075 m when t = 0. 
—0.075 = 0+ B; B = —0.075 
v = Apcos pt — Bp sin pt 
v = —0.4 m/s when t = 0, 
—0.4 = A(5.774) — 0; A = —0.0693 


x = —0.0693 sin (5.771) — 0.075 cos (5.77t) 


C = VA? + B* = V(—0.0693)? + (—0.075)? = 0.102 m 


*22-8. A 3-kg block is suspended from a spring having a 
stiffness of k = 200 N/m. If the block is pushed 50 mm 
upward from its equilibrium position and then released 
from rest, determine the equation that describes the 
motion. What are the amplitude and the frequency of the 
vibration? Assume that positive displacement is downward. 


k 200 
p=, a wf 3 8.165 


2) 8.165 
QT Qa 


1.299 = 1.30 Hz 


x = Asin pt + Bcos pt 
x = —0.05 m when t = 0, 
—0.05 = 0+ B; B = —0.05 
v = Apcos pt — Bpsin pt 
v = Owhent = 0, 


0 = A(8.165)-0; A=0 


x = —0.05 cos (8.16f) 


C= VA? + B= V(0)? + (—0.05) = 0.05 m = 50mm 
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022-9. A cable is used to suspend the 800-kg safe. If the 
safe is being lowered at 6 m/s when the motor controlling the 
cable suddenly jams (stops), determine the maximum tension 
in the cable and the frequency of vibration of the safe. 
Neglect the mass of the cable and assume it is elastic such 
that it stretches 20 mm when subjected to a tension of 4 KN. 


4000 
Free-body Diagram: Here the stiffness of the cable is k = G0 = 200( 10°) N/m. : 
: 6 m/s 
When the safe is being displaced by an amount y downward vertically from its 
equilibrium position, the restoring force that developed in the cable 


T = W + ky = 800(9.81) + 200(10°) y. 


Equation of Motion: 


+T=F,=0; — 800(9.81) + 200(10*) y — 800(9.81) = —800a [1] = Boog 60) ctu ¢ 


2 
Kinematics: Since a = “a = y, then substituting this value into Eq. [1], we have 


200(10°) y = —8005 


y + 250x = 0 
From Eq. [2], p’ = 250, thus, p = 15.81 rad/s. Applying Eq. 22-14, we have 800981) N 


P — 15.81 


= — = 2.52 Hz 
QT 20 


id 


The solution of the above differential equation (Eq. [2]) is in the form of 
y = Csin (15.81t + ¢) 
Taking the time derivative of Eq. [3], we have 
y = 15.81 C cos (15.81t + ) [4] 
Applying the initial condition of y = Oand y = 6m/satt = 0 to Eqs. [3] and [4] yields 
0=Csing [5] 
6 = 15.81 C cos [6] 
Solving Eqs. [5] and [6] yields 
bo = 0° C = 0.3795 m 
Since Vyax = C = 0.3795 m, the maximum cable tension is given by 


Tmax = W + kYmax = 800(9.81) + 200(10°) (0.3795) = 83.7 kN 
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22-10. The body of arbitrary shape has a mass m, mass 
center at G, and a radius of gyration about G of kg. If it is 
displaced a slight amount 6 from its equilibrium position 
and released, determine the natural period of vibration. 


G +2Mo=Ioa; — —mgd sin 6 = | mkz, + md?|6 


ds, 
> a sind = 0 
+d 
However, for small rotation sin 6~0@. Hence 
gd 


6+—-0=0 
e+ ad 


| d 
From the above differential equation, p = a 
kg +d 
[k& + a? 
= 27/2 
gd 


22-11. The circular disk has a mass m and is pinned at O. 
Determine the natural period of vibration if it is displaced a 
small amount and released. 


G+=Mo = Io Qa; 
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*22-12. The square plate has a mass m and is suspended 
at its corner from a pin O. Determine the natural period of 
vibration if it is displaced a small amount and released. 


1 
12 


Io = = ma? 


¢ +XMo > Io Qa; 
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e22-13. The connecting rod is supported by a knife edge 
at A and the period of vibration is measured as 7, = 3.38 s. 
It is then removed and rotated 180° so that it is supported 
by the knife edge at B. In this case the perod of vibration is 
measured as Tg = 3.96s. Determine the location d of the 
center of gravity G, and compute the radius of gyration kg. 


Free-body Diagram: When an object of arbitary shape having a mass m is pinned at 
O and is displaced by an angular displacement of 6, the tangential component of its 
weight will create the restoring moment about point O. 


Equation of Motion: Sum monent about point O to eliminate O,. and 0). 


G+=Mo = Ioa; —mg sin (1) = Iga 1] 


2 
Kinematics: Since a = ade = 6 and sin 6 = @ if 6 is small, then substitute these 


values into Eq. [1], we have 


—mgld = [90 


> _ mgl mel : 
From Eq. [2], p~ = To , thus, p = To . Applying Eq. 22-12, we have 


Qa 
T= = 20 [3] 
D mgl 


When the rod is rotating about B, tT = 7,4 = 3.388 and / = d. Substitute these 
values into Eq. [3], we have 


I 
3.38 = 27,/—* 14 = 0.2894mgd 
mgd 


When the rod is rotating about B, 7 = 7g = 3.96s and / = 0.25 — d. Substitute 
these values into Eq. [3], we have 


| Tp 
3.96 = 2 Iz = 0.3972 0.25 —d 
- . mg (0.25 — d) B plane ) 


However, the mass moment inertia of the rod about its mass center is 


Ig = 1,4 — mg? = Ip — m(0.25 — dy 
Then, 
0.2894mgd — md? = 0.3972mg (0.25 — d) — m (0.25 — dy’ 
d = 0.1462 m = 146 mm 


Thus, the mass moment inertia of the rod about its mass center is 


Ig = 14 — md? = 0.2894m (9.81)(0.1462) — m (0.14627) = 0.3937 m 


The radius of gyration is 


Tg [0.3937 
get Sa OP epee 
m m 
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22-14. The disk, having a weight of 15 lb, is pinned at its 
center O and supports the block A that has a weight of 3 lb. 
If the belt which passes over the disk does not slip at its 
contacting surface, determine the natural period of 
vibration of the system. 


For equilibrium: 


Ty = 3b k = 80 lb/ft 


G=Mo = Iga + ma(0.75) 


a = 0.75a 


—T,, (0.75) — (80)(0)(0.75)(0.75) + (3)(0.75) = (5 ors 0 + (<3 )eo759810.75) 


2.25 — 450 + 2.25 = 0.1316 + 0.052416 


6 + 245.30 = 0 


QT 


V 245.3 


= 0401s 


Tat KS 
= T, +60[00078)] 


ma 
= (333X156) 
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22-15. The bell has a mass of 375 kg, a center of mass at 
G, and a radius of gyration about point D of kp = 0.4m. 
The tongue consists of a slender rod attached to the inside 
of the bell at C. If an 8-kg mass is attached to the end of the 
rod, determine the length / of the rod so that the bell will 
“ring silent,” i.e., so that the natural period of vibration of 
the tongue is the same as that of the bell. For the 
calculation, neglect the small distance between C and D and 
neglect the mass of the rod. 


For an arbitrarily shaped body which rotates about a fixed point. 


G +=Mo = Iga; mgd sin @ = —I9@ 


mgd . 
6+ sin@ = 0 
Io 


However, for small rotation sin 6~0@. Hence 


. med 
6+—-0=0 


mgd 


From the above differential equation, p = 7 
a) 


To 
= 27 
mg mgd 


To 


In order to have an equal period 


= To)r _ Co) 
T=20 21 
mrgdr mp gdp 


= moment of inertia of tongue about O. 


= moment of inertia of bell about O. 


Uo)r _ Uo)s 


mrgdr mp gdp 


8(?) _ 375(0.4)’ 
8g! 375g(0.35) 


1 = 0.457m 
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*22-16. The platform AB when empty has a mass of 
400 kg, center of mass at G,, and natural period of 
oscillation 7, = 2.38s. If a car, having a mass of 1.2 Mg 
and center of mass at Gy, is placed on the platform, the 
natural period of oscillation becomes 7, = 3.16s. 
Determine the moment of inertia of the car about an axis 
passing through G5. 


Free-body Diagram: When an object of arbitrary shape having a mass m is pinned at 
O and being displaced by and angular displacement of 0, the tangential component 
of its weight will create the restoring moment about point O. 


Equation of Motion: Sum monent about point O to eliminate O,, and 0). 


2, 


dt 
values into Eq. [1], we have 


Kinematics: Since a = = 6 and sind ~ 6 if @ is small, then substitute these 


—mglé = 190 


[3] 


When the platform is empty,7 = 7; = 2.38s.m = 400 kg and/ = 250 m. Substitute 
these values into Eq. [3], we have 


Pe ee at (Io)» = 1407.55 kg» m? 
™\i 400(9.81)(2.50) pe nea 


When the car is on the platform, 7 = 7, = 3.16s, m= 400 kg + 1200 kg 


2.50(400) + 1.83(1200) 
1600 kg, l= 1600 = 1.9975m and Io - To)c +E Co)p 


= Uo)c + 1407.55. Substitute these values into Eq. [3], we have 


(Io)c + 1407.55 


3.16 = 2 
7\I 1600(9.81)(1.9975) 


(o)c = 6522.76 kg- m? 


Thus, the mass moment inertia of the car about its mass center is 


(Ue)c = Uo)e — mcd” 


= 6522.76 — 1200(1.837) = 2.50(10°) kg-m? 
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e22-17. The 50-lb wheel has a radius of gyration about its 
mass center G of kg = 0.7 ft. Determine the frequency of 
vibration if it is displaced slightly from the equilibrium 
position and released. Assume no slipping. 


Kinematics: Since the wheel rolls without slipping, then ag = ar = 1.2a. Also when 
the wheel undergoes a small angular displacement 6 about point A, the spring is 
stretched by x = 1.6 sin 6 6. Since 6 us small, then sin 9 — 6. Thus, x = 1.60. 


Free-body Diagram: The spring force F,, = kx = 18(1.60) = 28.86 will create the 
restoring moment about point A. 


Equation of Motion: The mass moment inertia of the wheel about its mass center is 


(0.77) = 0.7609 slug: ft”. 


50 
32.2 


Ig = mk? = 


50 


+ = -  =28.80(1.6) = 
C+EMs=(Myas  —28.80(1.6) = 3 


(1.2a)(1.2) + 0.7609a 


a + 15.3760 = 0 


2 


Since a = an 6, then substitute this values into Eq. [1], we have 


§ + 15.3760 = 0 
From Eq. [2], p’ = 15.376, thus, p = 3.921 rad/s. Applying Eq. 22-14, we have 


3.921 
fie suet = 0.624 Hz Ans. 
27 Qa 
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22-18. The two identical gears each have a mass of m and 
a radius of gyration about their center of mass of ko. They 
are in mesh with the gear rack, which has a mass of M and is 
attached to a spring having a stiffness k. If the gear rack is 
displaced slightly horizontally, determine the natural period 
of oscillation. 


Equation of Motion: When the gear rack is displaced horizontally downward by a 
small distance x, the spring is stretched by s; = x Thus, F,, = kx. Since the gears 


: Slats ~ x eee 
rotate about fixed axes, ¥ = 6r or 6 = —. The mass moment of inertia of a gear 
r 


about its mass center is 1) = mko*. Referring to the free-body diagrams of the rack 
and gear in Figs. a and b, 


+—> ZF, = ma,; 2F — (kx) = Mx 


2F — kx = Mx 


-F() = mko'( =) 


mko” 


r2 


Xx 


Eliminating F from Eqs. (1) and (2), 


2mko? 


r2 


x+kx=0 


ae 


_ kr? 
x 4 5 z |x = 0 
Mr° + 2mko 


Comparing this equation to that of the standard from, the natural circular frequency 
of the system is 


kr’ 
tee 
_ Mr’ + 2mko* 


Thus, the natural period of the oscillation is 


Mr? + 2mko? 
kr? 


qT 
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22-19. In the “lump mass theory”, a single-story building 
can be modeled in such a way that the whole mass of the 
building is lumped at the top of the building, which is 
supported by a cantilever column of negligible mass as 
shown. When a horizontal force P is applied to the model, 
the column deflects an amount of 6 = PL?/12EI, where L 
is the effective length of the column, EF is Young’s modulus 
of elasticity for the material, and J is the moment of inertia 
of the cross section of the column. If the lump mass is m, 
determine the frequency of vibration in terms of these 
parameters. 


Since 6 very small, the vibration can be assumed to occur along the horizontal. 
Here, the equivalent spring stiffness of the cantilever column is 


Pe P oe 
Keq = 5 . Thus, the natural circular frequency of the system is 
6 PL°/12EI 


12ET 
a 12 E /12ET 
m mL3 


Then the natural frequency of the system is 


1 /12EI 


*22-20. A flywheel of mass m, which has a radius of 
gyration about its center of mass of ko, is suspended from a 
circular shaft that has a torsional resistance of M = C9. If 
the flywheel is given a small angular displacement of 6 and 
released, determine the natural period of oscillation. 


Equation of Motion: The mass moment of inertia of the wheel about point O is 
Io = mko’. Referring to Fig. a, 


G+ =Mo = Ia; —C0 = mk,’ 


Comparing this equation to the standard equation, the natural circular frequency of 
the wheel is 


| C 1 /C 
(jut = 
. mko? ko m 


Thus, the natural period of the oscillation is 
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022-21. The cart has a mass of m and is attached to two 
springs, each having a stiffness of k, = k. = k, unstretched 
length of Jo, and a stretched length of / when the cart is in 
the equilibrium position. If the cart is displaced a distance 
of x =x, such that both springs remain in tension 
(x9 < 1 — I), determine the natural frequency of oscillation. 


Equation of Motion: When the cart is displaced x to the right, the stretch of springs 
AB and CD are sag=(l—lp)-—%X and syc=(l—1p) + x. Thus, 
F ap = ksag = k[(l — Io) — x] and Fyc = ksac = k[(l — lo) + x]. Referring to 
the free-body diagram of the cart shown in Fig. a, 


4 DF, = ma, 


Simple Harmonic Motion: Comparing this equation with that of the standard form, 
the natural circular frequency of the system is 


fac= k[(0-4,)4 x] 


22-22. The cart has a mass of m and is attached to two 
springs, each having a stiffness of k, and k», respectively. If 
both springs are unstretched when the cart is in the 
equilibrium position shown, determine the natural frequency 
of oscillation. 


Equation of Motion: When the cart is displaced x to the right, spring CD stretches 

Scp = x and spring AB compresses syg = x. Thus, Fop = k28cp = k2x and 

Fag = k1S,ap = k,x. Referring to the free-body diagram of the cart shown in Fig. a, 
> =F, = may; —k,x — kyx = mx 


—(k, + k,)x = mx 


ky +k 
r+ (S=*)r=0 
m 


Simple Harmonic Motion: Comparing this equation with that of the standard 
equation, the natural circular frequency of the system is 


[ky + ky 
On, = = 
m 
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22-23. The 3-kg target slides freely along the smooth 
horizontal guides BC and DE, which are ‘nested’ in springs 
that each have a stiffness of k = 9 kN/m. If a 60-g bullet is 
fired with a velocity of 900 m/s and embeds into the target, 
determine the amplitude and frequency of oscillation of 
the target. 


Conservation of Linear Momentum: The velocity of the target after impact can be 
determined from 


mp(Vp)1 = (Mp, + ma,)v 


0.06(900) = (0.06 + 3)v 


v = 17.65 m/s 
Since the springs are arranged in parallel, the equivalent stiffness of a single spring 


is keg = 2k = 2(9000 N/m) = 18000 N/m. Thus, the natural circular frequency of 
the system is 


eq 18000 
On = de =.4/) B06. 76.70 rad/s = 76.7 rad/s 


The equation that describes the oscillation of the system is 


y = Csin (76.70t + ¢)m 

Since y = 0 whent = 0, 
0=Csingd 

Since C # 0,sin ¢ = 0. Then ¢ = 0°. Thus, Eq. (1) becomes 
y = Csin (76.70t) 

Taking the time derivative of Eq. (2), 


y = v = 76.70C cos (76.70t) m/s 


Here, v = 17.65 m/s when t = 0. Thus, Eq. (3) gives 


17.65 = 76.70C cos 0 


C = 0.2301 m = 230 mm 
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*22-24. If the spool undergoes a_ small angular 
displacement of 6 and is then released, determine the 
frequency of oscillation. The spool has a mass of 50 kg anda 
radius of gyration about its center of mass O of 
ko = 250 mm. The spool rolls without slipping. 


Equation of Motion: Referring to the kinematic diagram of the spool, Fig. a, the 
stretch of the spring at A andB when the spool rotates through a small angle @ is 


s4 > Or ayic = 0(0.45) and SB Or Bc = 0(0.15). Thus, (Fe) a = ks 4 
= 500[0(0.45)] = 2250 and = (Fy,)z = ksg = 500[0(0.15)] = 750. Also, 
ao = Orojc = 6(0.15). The mass moment of inertia of the spool about its mass 


center is Ig = mko* = 50(0.25) = 3.125kg-m’. Referring the free-body and 
kinetic diagrams of the spool, Fig. b, 


+ Mic = S(My)ics._- — 2250(0.045) — 750(0.15) = 50[ (0.15) |(0.15) + 3.1256 
—112.50 = 4.256 


6 + 26.470 = 0 


Comparing this equation to that of the standard equation, the natural circular 
frequency of the spool is 


@n = V 26.47 rad/s = 5.145 rad/s 


Thus, the natural frequency of the oscillation is 


pag = = 0.819 Hz 


fi 25 


50461) N 


3.1250 
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022-25. The slender bar of mass m is supported by two 
equal-length cords. If it is given a small angular 
displacement of @ about the vertical axis and released, 
determine the natural period of oscillation. 


Equation of Motion: The mass moment of inertia of the bar about the z axis is 


1 
D mL”. Referring to the free-body diagram of the bar shown in Fig. a, 
mg 


+T3F,= ma; 2T cos — mg = 0 TD cosé 


Then, 


_—T > = mg : Pe oe eee ay 
T+=M, = 1,a, of me) sin (a) (4 mL )i 


12ga 


6+ Pp tan d = 0 


Since @ is very small, from the geometry of Fig. b, 


ld = ad 
“9 
I 


Substituting this result into Eq. (1) 


Since 6 is very small, tan( # 


12¢a* 


pee et 
IL 


Comparing this equation to that of the standard form, the natural circular frequency 
of the bar is 


12¢a* qa =(/12¢ 
sa a a fo ka 


Thus, the natural period of oscillation is 


27 2a0L I 


T= 


On a 12g 
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22-26. A wheel of mass m is suspended from two equal- 
length cords as shown. When it is given a small angular 
displacement of 6 about the z axis and released, it is 
observed that the period of oscillation is tr. Determine the 
radius of gyration of the wheel about the z axis. 


Equation of Motion: The mass moment of inertia of the wheel about is z axis is 
I, = mk”. Referring to the free-body diagram of the wheel shown in Fig. a, 


mg 


+T2F,= ma;  2T cos — mg = 0 "= Joos d 


Then, 


T+3M, = 1,0; (5 me) sin d(r) = (mk,”)6 


ae gr 
6+ gare =0 


Zz 
Since 6 is very small, from the geometry of Fig. b, 


Ld = r0 


Substituting this result into Eq. (1) 


cea gr r _ 
64 & tan (70) 0) 


r r 
i i t a =—¢. 
Since 6 is very small, an(£ 0) L 0. Thus, 


Comparing this equation to that of the standard form, the natural circular frequency 
of the wheel is 


gr? Ui /& 
oe Zz 


Thus, the natural period of oscillation is 


_2n 


On 
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22-27. A wheel of mass m is suspended from three equal- 
length cords. When it is given a small angular displacement 
of 6 about the z axis and released, it is observed that the 
period of oscillation is 7. Determine the radius of gyration 
of the wheel about the z axis. 


Equation of Motion: Due to symmetry, the force in each cord is the same. The mass 
moment of inertia of the wheel about is z axis is 1, = mk,”. Referring to the free- 
body diagram of the wheel shown in Fig. a, 


mg 


+T2F,= ma;  3T cos — mg = 0 Y= 3 cos 


Then, 


mg 
+2M, = Ia: 3 
t e a (; cos 


sin f(r) = mk,20 


oa gr 
6+ -—\ tand = 0 
k, 
Since 6 is very small, from the geometry of Fig. b, 
rd = Lod 


r 


$= 78 


Substituting this result into Eq. (1) 
Oo 4 gr r _ 
04 ne tan (£0) 0 


; a ee 
Since 6 is very small, tan (+ 0) = 6. Thus, 


2 

ar gr 

O+ 6=0 
k2L 


Comparing this equation to that of the standard form, the natural circular frequency 
of the wheel is 


gr rE 
Pose ae) = 
- kfL kN 


Thus, the natural period of oscillation is 


Qa 
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*22-28. Solve Prob. 22-10 using energy methods. 


+V= [nk md |e? + mg(d)(1 — cos @) 


(kz; + d?)06 + gd(sin 0) = 0 
sin 9 = 6 
eee 
(kz + d’) 
(kz; + a?) 

gd 


022-29. Solve Prob. 22-11 using energy methods. 


L3 . 
V= 5 E me |i + mg(r)(1 — cos @) 


3 % : 
zm 66 + mg(r)(sin 0)6 = 0 


~ M(1-C0S0) 
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22-30. Solve Prob. 22-12 using energy methods. 


n( 42) e 4 me( “= cos 0) 


2 rey : 
3ime 08 + me( =i 0)0 = 0 


v2 


sin@ = 06 


3 
ee ea 


2V2a 


Qa a a 
p 1.0299 (/£) s.10,/4 


22-31. Solve Prob. 22-14 using energy methods. 


s=0.750, 5 = 0.756 


= c (Sos |e + 4(<35)(075 a) 


+ 5 (80) (Seq + 0.750)? — 3(0.750) 


k = 80 lb/ft 


0 = 0.18340 6 + 80(s2q + 0.750) (075 a) — 2.250 
F oq = 805 eq = 3 


Seq = 0.0375 ft 


0.18340 + 456 =0 
6 + 245.36 = 0 


2 FE = GiGi 


V 245.3 
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*22-32. The machine has a mass m and is uniformly 
supported by four springs, each having a stiffness k. 
Determine the natural period of vertical vibration. 


T + V = const. 


1 
T=5 my) 


1 
V=mey +5 (4k)(As — yy’ 


ieee 1 
T 4 Vie Sin +mgy4 5 (4ky(As — yy? 


myyt+tmgy— 4k(Asy)y = 0 


+ 4ky — 4kAs = 0 


Ginckne = 
ince = Ak 


Then 


1010 


91962_13_s22_p0988-1046 6/8/09 5:52 PM Page 1011 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


e22-33. Determine the differential equation of motion of 

the 15-kg spool. Assume that it does not slip at the surface k = 200 N/m 
of contact as it oscillates. The radius of gyration of the spool 

about its center of mass is kg = 125 mm. The springs are 

originally unstretched. 


_ 
k = 200N/m 


Energy Equation: Since the spool rolls without slipping, the stretching of both 
springs can be approximated as x, = 0.10 and x, = 0.26 when the spool is being 
displaced by a small angular displacement 0. Thus, the elastic potential energy is 
V= =k xi4 =k} = 5 (200)(0.10) + 5 (200) (0.20) = 56°. Thus, 


P 


V=V.=50 


The mass moment inertia of the spool about point A is I, = 15 (0.125) 
+ 15(0.17) = 0.384375 kg - m?. The kinetic energy is 


1 1 A ¢ 
Pela w = 5 (0.384375) 6? = 0.19218750 


The total energy of the system is 
U =T + V = 0.19218756 + 50° 


Time Derivative: Taking the time derivative of Eq. [1], we have 
0.3843750 6 + 1006 = 0 
6 (0.384375 6 + 106) = 0 

Since @ # 0, then 0.384375 6 + 106 = 0 


6+ 26.060 =0 
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22-34. Determine the natural period of vibration of the 
disk having a mass m and radius r. Assume the disk does not 
slip on the surface of contact as it oscillates. 


T + V = const. 


s = (2r)6 


. 1 
mr 4 mr? | + 3 K(Q2r ey 


3 : ‘ 
0= 5 nr? 00 + 4 kr? 00 


22-35. If the wheel is given a small angular displacement 
of 6 and released from rest, it is observed that it oscillates 
with a natural period of r. Determine the wheel’s radius of 
gyration about its center of mass G. The wheel has a mass of 
m and rolls on the rails without slipping. 


Potential and Kinetic Energy: With reference to the datum established in Fig. a, the 
gravitational potential energy of the wheel is 


V=V, =—Wyg = —mgR cos 6 


ee . : R». 
As shown in Fig. b, vg = 0R. Also, Vg = @rgjjc = or.Then, or = OR or wo = @p 
r 
The mass moment of inertia of the wheel about its mass center is 1g = mkg*. Thus, 


the kinetic energy of the wheel is 


1 
za" =F 3 1G w 


i m(onye + Loney] (2)a] 


1 ° + ke?\. 
x mie * iS \e 


r2 


The energy function of the wheel is 


T + V = constant 


1 gf r+ ke" 
zm( 2 


\e mgR cos 6 = constant 
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Taking the time derivative of this equation, 


4 re +k? ahs ae 
mR*\ ——5— ]06 + mgR sin 66 = 0 
r 


. 2 r2 + kg? . , 
6| mR*| ——,-— ]@ + mgRsin 6) = 0 
r 
Since @ is not always equal to zero, then 


2 r+ kg? os A 
mkR*| ——,— ]@ + mgR sin é = 0 
r 


2 
. , 8 r ; a 
64 R (= ) sind = 0 
Since @ is small, sin 6 = 6. This equation becomes 


r2 
T 6=0 
R r? + kg? 


Comparing this equation to that of the standard form, the natural circular frequency 
of the system is 


g a 
R r+ ke? 


The natural period of the oscillation is therefore 


R r+ kg? 
BAC. ae 


Tg —47?R 
R 


*22-36. Without an adjustable screw, A, the 1.5-lb 
pendulum has a center of gravity at G. If it is required that it 
oscillates with a period of 1 s, determine the distance a from 
pin O to the screw. The pendulum’s radius of gyration about 
O is ko = 8.5 in. and the screw has a weight of 0.05 Ib. 


Potential and Kinetic Energy: With reference to the datum established in Fig. a, the 
gravitational potential energy of the system is 


V=V,= —Wepyg- WaYya 
—1.5(0.625 cos 6) — 0.05(a cos 0) 


— (0.9375 + 0.05 a) cos @ 


The mass moment of inertia of the pendulum about point O is Ig = mko? 


eee 
32.2 \ 12) 
Va = Oro, = Oa. Thus, the kinetic energy of the system is 


2 
) = 0.02337 slug: ft?. Since the pendulum rotates about point O, 


1 . 1 
T Sloe zmava 


1013 


91962_13_s22_p0988-1046 6/8/09 5:54 PM Page 1014 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*22-36. Continued 


1 -» , 1(0.05\/. 
= ~ (0.02337)@ + -( <> )(da)? 
2 M8 1( 205 


= (0.01169 + 0.0007764 a?)é 


Thus, the energy function of the system is 
T + V = constant 


(0.01169 + 0.0007764a7)6? — (0.9375 + 0.05a) cos 6 = constant 
Taking the time derivative of this equation, 

(0.02337 + 0.001553a7)6 6 + (0.9375 + 0.05a) sin 06 = 0 

i| (0.02337 + 0.001553 ai + (0.9375 + 0.05a) sin @ | = 0 


Since 6 is not always equal to zero, then 


(0.02337 + 0.001553a7)6 + (0.9375 + 0.05a) sind = 0 


0.9375 + 0.05a , 
64 sin @ = 0 


0.02337 + 0.001553a? 


Since 6 is small, sin 6 = 0. This equation becomes 


. 0.9375 + 0.05a gy 
' \.0.02337 + 0.001553a2 


Comparing this equation to that of the standard form, the natural circular frequency 
of the system is 


‘| 0.9375 + 0.05a 
ma 0.02337 + 0.001553a2 


The natural period of the oscillation is therefore 


Qa 
eee 
@n 


nog oes + 0.001553a2 
™\) 0.9375 + 0.05a 


0.06130a* — 0.05a — 0.01478 = 0 


Solving for the positive root, 


a = 1.05 ft 
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022-37. A torsional spring of stiffness k is attached to a 
wheel that has a mass of M. If the wheel is given a small 
angular displacement of 6 about the z axis determine the 
natural period of oscillation. The wheel has a radius of 
gyration about the z axis of k,. 


Potential and Kinetic Energy: The elastic potential energy of the system is 


1 
V=V. = 5 ke 
0 = 5 ke 


The mass moment of inertia of the wheel about the z axis is 1, = Mk,*. Thus, the 
kinetic energy of the wheel is 


5 eae 
T,= zie = 


1 


ak. 267 


The energy function of the wheel is 


T,; + V = constant 


1 . 1 
5) Mk,’0" 4 5 ko = constant 


Taking the time derivative of this equation, 
Mk,206 + k00 = 0 
6(Mk.26 + ko) = 0 
Since 6 is not always equal to zero, then 
Mk,76 + ko =0 
oS eG 
Mk,” 


Comparing this equation to that of the standard form, the natural circular frequency 
of the system is 


k 
(@,) = V Mk 


The natural period of the oscillation is therefore 


_ 
Ps (@,)1 
Mk,” 
k 
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22-38. Determine the frequency of oscillation of the 
cylinder of mass m when it is pulled down slightly and 
released. Neglect the mass of the small pulley. 


Potential and Kinetic Energy: Referring to the free-body diagram of the system at 
its equilibrium position, Fig. a, 


mg 


Ta, = 0; 2(F sp) st — mg = 0 (Fp) st = 2 


Thus, the initial stretch of the spring is s9 = = = ae Referring to Fig. b, 
(+1) Sc + (Sc — Sp) =l 

2sc — Sp=l 

2Asc — Asp = 0 

Asp = 2Asc¢ 


When the cylinder is displaced vertically downward a distance Asc = y, the spring 
is stretched further by s; = Asp = 2y. 


Thus, the elastic potential energy of the spring is 


1 1 [mg e 
Ve= 5 (so + 1) = (28 aa 2») 


With reference to the datum established in Fig. b, the gravitational potential energy 
of the cylinder is 


V,= —Wy = —mgy 


Ds : 
The kinetic energy of the system is T = zy Thus, the energy function of the 
system is 


T + V = constant 


1_ [me 2 7 
1 {2 +29] mgy = 0 


Taking the time derivative of this equation, 


es mg : : 
myy + k\ 5 + 2y J(2y) — mey = 0 
jny + ky) = 0 
Since y is not equal to zero, a Ege, Nbrium 
my + 4ky =0 position 
ak 4 
+ — — 
Ee eee Se 


Cc) 
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Comparing this equation to that of the standard form, the natural circular frequency 


of the system is 
[4k [k 
@y = 4{—— = 24/— 
m m 


Thus, the frequency of the oscillation is 


22-39. Determine the frequency of oscillation of the 
cylinder of mass m when it is pulled down slightly and 
released. Neglect the mass of the small pulleys. 


Potential and Kinetic Energy: Referring to the free-body diagram of the system at 
its equilibrium position, Fig. a, 


+T=F, = 0; 2mg — (Fsp)sr = 0 (Fsp)s1 = 2mg 


8 Si 2 3 (F. sp)st 2mg . . 
Thus, the initial stretch of the spring is so = ieee Se Referring to Fig. b, 


(+1) 2ptsc=l 


2Asp = Asc =0 


A 4 os Sa 
Sp 5) 


When the cylinder is displaced vertically downward a distance Asc = y, the spring 


stretches further by s; = Asp = A Thus, the elastic potential energy of the spring is 


1 o_1,f{2me y\ 
Ve = ~k(80 + 51) = 3e( Es 


With reference to the datum established in Fig. c, the gravitational potential energy 
of the cylinder is 


V,= —Wy = —mgy 


oe, : 
The kinetic energy of the cylinder is T = 2 my’. Thus, the energy function of the 
system is 


T + V = constant 


2m a 
n g 4 mgy = constant 


2k 2 


Taking the time derivative of this equation, 


2mg 
k 
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Since y is not always equal to zero, 


k 
Hye GS 


.  1lfk 
See a Pa 


Comparing this equation to that of the standard form, the natural circular frequency 


of the system is 
— fl (£) _1 fk 
“a 4\m 2Vm 


Thus, the natural frequency of oscillation is 


On 1 k 


fn 


Ur ArNm 


*22-40. The gear of mass m has a radius of gyration about 
its center of mass O of ko. The springs have stiffnesses of ky 
and ky, respectively, and both springs are unstretched when 
the gear is in an equilibrium position. If the gear is given a 
small angular displacement of 6 and released, determine its 
natural period of oscillation. 


Potential and Kinetic Energy: Since the gear rolls on the gear rack, springs AO and 
BO stretch and compress sg = ro/rc0 = r0. When the gear rotates a small angle 0, 
Fig. a, the elastic potential energy of the system is 


1 1 
V=V.= 5 kyso? 4 5 kyso7 


1 1 
= rhs (ro) aca 3 ke (r0)* 


Ht 
= Pama +E ky)0? 


Also, from Fig. a, vg = 6ro JIC = 6r. The mass moment of inertia of the gear about its 
mass center is Ip = mko’. 


Thus, the kinetic energy of the system is 
1 1 
‘PE fs 30" + zoe 


= 5 (ar)? + 5 (mko?)@? 


1 ; 
= 3 mr + ko*)e" 
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The energy function of the system is therefore 


T + V = constant 


1 . 1 
5 n(n? + ko?)& sr tk + k>)6* = constant 


Taking the time derivative of this equation, 


m(r? + ko?)60 + r°(k, 4 k>)00 =0 


i] m(v? t ko?) + r2(ky 4 Ko | =0 


Since 6 is not always equal to zero, then 


m(r? + ko2)0 + r(k, + ky)0 = 0 


r°(ky + ky) 
: m(r? + ko’) 


Comparing this equation to that of the standard form, the natural circular frequency 
of the system is 


| (ky + ky) 
oO, = 
m(r? + ko’) 


Thus, the natural period of the oscillation is 


m(r? + ko”) 
(ky + ky) 


22-41. The bar has a mass of 8 kg and is suspended from 
two springs such that when it is in equilibrium, the springs 
make an angle of 45° with the horizontal as shown. 
Determine the natural period of vibration if the bar is 
pulled down a short distance and released. Each spring has 
a stiffness of k = 40 N/m. 


1 1 
E= 2(5)K(Seq + ysin 0) — mgy + zm 


E = 2k(s.q + ysin 0)y sin @ — mgy + myy = 0 


mg 
2k sin 0 


2k( 


t ysin 0) sin@ — mg + my = 0 


2ky sin? 6 + my = 0 


4 2k sin? 6 
y m 


QT m QT 8 
w, sind \2k — sin 45° \ 2(40) 


7=2.81s 
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22-42. If the block-and-spring model is subjected to the Equilibrium 
periodic force F = Fycos wt, show that the differential position 
equation of motion is x + (k/m)x = (Fo/m) cos wt, where | 

x is measured from the equilibrium position of the block. =a 

What is the general solution of this equation? F = Fycos at 


4 SF, = ma Fy cos wt — kx = mx 


x? 


. Kk Fo 
x + —x = — cos at 
m m 


F [k 
¥+ px = ee cos wt Where p = ar (65) 


The general solution of the above differential equation is of the form of 
X= X_ + Xp. 


The complementary solution: 
x, = Asin pt + Bcos pt 
The particular solution: 


S, = .C cos wt 


Pp 


Xp = —Cw’ cos wt 


Substitute Eqs. (2) and (3) into (1) yields: 


Fo 
—Cw’ cos wt + p* (C cos wt) = — cos wt 
m 


Fo 
m Fok 


2 2 2 
Ber @ 
(5) 


The general solution is therefore 


C= 


ce (2 
P 
The constants A and B can be found from the initial conditions. 


I 


s = Asin pt + Bcos pt + 


F=k coswt 
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22-43. If the block is subjected to the periodic force 
F = Fy cos wt, show that the differential equation of 
motion is y+ (k/m)y = (Fo/m) cos wt, where y is 
measured from the equilibrium position of the block. What 
is the general solution of this equation? 


+ LIF, = ma Fo cos at + W — kéy — ky = my 


yo 
Since W = kéy,, 


= k Fo 
yr (£)y = an ot (1) (Q.E.D.) 


y. = Asin py + Bcospy (complementary solution) Fi =F 60s oat 


Yp = Ccos ot (particular solution) 


E=kCbgt¥) 


Substitute y,, into Eq. (1). 


2 k Fo 
C| —o@* + — Jcos wt = — cos wt 
m m 


F 
y = Asin pt + Bcos pt + (eos wt 


*22-44. A block having a mass of 0.8 kg is suspended from 
a spring having a stiffness of 120 N/m. If a dashpot provides 
a damping force of 2.5 N when the speed of the block is 
0.2 m/s, determine the period of free vibration. 


F 25 
Co = mite 02 12.5 N-s/m 


[k /120 
Pp = 08 12.247 rad/s 


C, = 2mp = 2(0.8)(12.247) = 19.60 N+s/m 


= psf (£) raat - (28) = 9432 d/ 
Pa=p re eee 196) ~ 2-432 rad/s 


eee 7 
Pa 9-432 


Td 
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022-45. The spring shown stretches 6 in. when it is loaded 
with a 50-lb weight. Determine the equation which 
describes the position of the weight as a function of time if 
the weight is pulled 4 in. below its equilibrium position and 
released from rest at t = 0. The weight is subjected to the 
periodic force of F = (—7 sin 2r) lb, where f is in seconds. 


+ TIF, = may; kv + y) — mg — Fosinwt = —my 


+t kyy — mg = Fo sin ot 


However, from equilibrium ky,, — mg = 0, therefore 


my + ky = Fosinot 
F=—T7sin 2t 


k= kK(Y+¥,) 


k 


2 FG 7 —y 
Ye ge SOE where p = 


Fo 
y+ p’y = —sin ot 
yt py sin w 


From the text, the general solution of the above differential equation is 


Folk 7 
pL Anne R epee W=ma 


1-(2 


v = y = Apcos pt — Bpsin pt + 


For this problem: 


50 k 100 
eee 100 lb/ft Dp Alas \ 50/322 8.025 rad/s 


Fo/k ~7/100 


(sas) 


(Fo/k)w (—7/100)2 
ie = 2 
p— Dp 


5 = -0.0746 yo = 0.333 


= 0.0186 
P 


y = (0.0186 sin 8.02f + 0.333 cos 8.02t — 0.0746 sin 2) ft 
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22-46. The 30-lb block is attached to two springs having a 
stiffness of 10 lb/ft. A periodic force F = (8 cos 3t) lb, 
where ¢ is in seconds, is applied to the block. Determine the 
maximum speed of the block after frictional forces cause » k= 10 Ib /ft 
the free vibrations to dampen out. 


—_—_—_—P 
F= 8cos3t 


Free-body Diagram: When the block is being displaced by amount x to the right, the 
restoring force that develops in both springs is F,, = kx = 10x. 


Equation of Motion: 


45 YF, = 0; —2(10x) + 8 cos 3t = 


30 
32,2" 


a + 21.47x = 8.587 cos 3t [1] 


2 


Kinematics: Since a = qe then substituting this value into Eq. [1], we have 


x + 21.47x = 8.587 cos 3t [2] 


Since the friction will eventually dampen out the free vibration, we are only 
interested in the particular solution of the above differential equation which is in the 
form of 


Xp = C cos 3t 


Taking second time derivative and substituting into Eq. [2], we have 
—9C cos 3t + 21.47C cos 3t = 8.587 cos 3t 


C = 0.6888 ft 


Xp = 0.6888 cos 3t 


Taking the time derivative of Eq. [3], we have 


Vv 


= Xp = —2.0663 sin 3t 


(vp) max = 2.07 ft/s 
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22-47. A 5-kg block is suspended from a spring having a 
stiffness of 300 N/m. If the block is acted upon by a vertical 
periodic force F = (7 sin 8t) N, where ¢ is in seconds, 
determine the equation which describes the motion of the 
block when it is pulled down 100 mm from the equilibrium 
position and released from rest at tf = 0. Consider positive 
displacement to be downward. 


The general solution is defined by: 


v = Asin pt + Boos pt + 


Since 


F = 7sin 8t, Fy =7N w = 8rad/s, k = 300 N/m 


p=! k 4| aw 7.746 rad/s 
m ) 


y = Asin 7.746t + Bcos 7.746t + 


y = 0.1m whent = 0, 
0.1=0+ B-O0; B=01m 
v = A(7.746) cos 7.746 — B(7.746) sin 7.746t — (0.35)(8) cos 8¢ 
v = y = Owhent = 0, 
v = A(7.746)—2.8 = 0; A = 0.361 
Expressing the results in mm, we have 


y = (361 sin 7.75t + 100 cos 7.75t — 350 sin 8t) mm 


k = 300 N/m 


F=7Tsin 8t 


*22-48. The electric motor has a mass of 50 kg and is 
supported by four springs, each spring having a stiffness of 
100 N/m. If the motor turns a disk D which is mounted 
eccentrically, 20 mm from the disk’s center, determine the 
angular velocity w at which resonance occurs. Assume that 
the motor only vibrates in the vertical direction. 


— [ke — /4qaoo) _ 
Wn - 50 2.83 rad/s 


@n = w = 2.83 rad/s 
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e22-49. The fan has a mass of 25 kg and is fixed to the end 
of a horizontal beam that has a negligible mass. The fan 
blade is mounted eccentrically on the shaft such that it is 
equivalent to an unbalanced 3.5-kg mass located 100 mm 
from the axis of rotation. If the static deflection of the beam 
is 50 mm as a result of the weight of the fan, determine the 
angular velocity of the fan blade at which resonance will 
occur. Hint: See the first part of Example 22.8. 


F _ 25(9.81) 
Ay 0.05 


k 4905 
p= as =4/ 5 14.01 rad/s 


Resonance occurs when 


k= 


= 4905 N/m 


w = p = 14.0 rad/s 


22-50. The fan has a mass of 25 kg and is fixed to the end 
of a horizontal beam that has a negligible mass. The fan 
blade is mounted eccentrically on the shaft such that it is 
equivalent to an unbalanced 3.5-kg mass located 100 mm 
from the axis of rotation. If the static deflection of the 
beam is 50 mm as a result of the weight of the fan, 
determine the amplitude of steady-state vibration of the 
fan if the angular velocity of the fan blade is 10 rad/s. Hint: 
See the first part of Example 22.8. 


F _ 25(9.81) 
Ay 0.05 


k 4905 
D Nie \| 75 14.01 rad/s 


The force caused by the unbalanced rotor is 


k= 


= 4905 N/m 


Fo = mr w* = 3.5(0.1)(10)? = 35N 


Using Eq. 22-22, the amplitude is 


Fo 


k 


(Xp)max os ie ithe: 
ie 
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22-51. What will be the amplitude of steady-state vibration 
of the fan in Prob. 22-50 if the angular velocity of the fan 
blade is 18 rad/s? Hint: See the first part of Example 22.8. 


F _ 25(9.81) 
Ay 0.05 


k 4905 
D Nie \| 75 14.01 rad/s 


The force caused by the unbalanced rotor is 


k= 


= 4905 N/m 


Fo = mrw” = 3.5(0.1)(18)? = 113.4N 


Using Eq. 22-22, the amplitude is 


Fo 


(Xp)max = 


(Xp)max = 


(Xp)max = 


*22-52. A 7-lb block is suspended from a spring having a 
stiffness of k = 75 lb/ft. The support to which the spring is 
attached is given simple harmonic motion which can be 
expressed as 6 = (0.15 sin 2f) ft, where fis in seconds. If the 
damping factor is c/c, = 0.8, determine the phase angle @ 


of forced vibration. 
[k | 75 
p= othe pa 
32.2 


6 = 0.15 sin 2t 


Sy = 0.15, = 2 


\(° vas 2108)( 75) 


tan 7 5) 
os (+) 
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022-53. Determine the magnification factor of the block, 
spring, and dashpot combination in Prob. 22-52. 


Paes | 2 = 18.57 
m 7 
(5) 


6 = 0.15 sin 2t 


50 = 0.15, w= 2 


ME = 0.997 
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22-54. The uniform rod has a mass of m. If it is acted upon 
by a periodic force of F = Fosinwt, determine the 
amplitude of the steady-state vibration. 


Equation of Motion: When the rod rotates through a small angle 0, the springs 


L 
compress and stretch s =r 4c0 = 3 Thus, the force in each spring is 
kL 


2 


1 
qink’. Referring to the free-body diagram of the rod shown in Fig. a, 


Fy = ks = 0. The mass moment of inertia of the rod about point A is 


. : L kL L F= Fy sin at 
+My, = Iya; Fo sin wt cos 0(L) — mg sin @ 2 —2, 5 cos 6 > 


1 : 
= 3 mL’0 


Since @ is small, sin 6 = 0 and cos 6 = 1.Thus, this equation becomes 


1 oo. 1 
3 me > (mg + kL)@ = Fosin wt 


Be Viet Orsi 
L A aT ee 


The particular solution of this differential equation is assumed to be in the form of 
6, = C sin wt (2) 
Taking the time derivative of Eq. (2) twice, 
6, = —Co’ sin wt 
Substituting Eqs. (2) and (3) into Eq. (1), 


3 k 3F 
—Co” sin wt + 5 (¢ + a sin wt) = sin wt 


3 
amg + Lk) — mLow* 
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22-55. The motion of an underdamped system can be 
described by the graph in Fig. 20-16. Show that the relation 
between two successive peaks of vibration is given by 
In(x,/Xn+1) = 27(c/c,)/V1—(c/c,)?, where c/c, is the 
damping factor and \n(x,/%X,+1) is called the logarithmic 
decrement. 


If the first peak occurs when f¢, = ¢, then the successive peaks occur when 
20 


on V1 = (cle 


Thus, the two successive peaks are 


thay = lt tg = 


Yq = Deleon) 


Qa 
ran = Dem) 


2m(c/c.) 


© Vidar 


2m(c/c.) 
ae es 
Yat 1 AV) 


= Den (/edon)t 


nl ae 2m(c/¢z) 
int 1 Vi=(/e,? 
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*22-56. Two successive amplitudes of a spring-block 
underdamped vibrating system are observed to be 100 mm 
and 75 mm. Determine the damping coefficient of the 
system. The block has a mass of 10 kg and the spring has a 
stiffness of k = 1000 N/m. Use the result of Prob. 22-55. 


Using the result of Prob. 22-55, 
n( Yn _ _2a(¢/Ce) 
stl} Vi-(/ey 
in) eC 
7 V1-(e/e,)” 


© = 0.04574 


Ce 


However, 


1000 
Co = 2m, = 2(10),|— = = 200 N+ s/m 


Cc 
300 > 0.04574 


c = 9.15 N-+s/m 


e22-57. Two identical dashpots are arranged parallel to 
each other, as shown. Show that if the damping coefficient 
c < Vmk, then the block of mass m will vibrate as an 
underdamped system. 


When the two dash pots are arranged in parallel, the piston of the dashpots have the 
same velocity. Thus, the force produced is 


F=cy+cy = 2cy 


The equivalent damping coefficient c,, of a single dashpot is 


For the vibration to occur (underdamped system), c.g < c,. However, c. = 2m, 


[k 
= 2m,/—.Thus, 
m 


On < 


Ce 
[k 
2c < 2m, /— 
m 


c< Vmk 
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22-58. The spring system is connected to a crosshead that 
oscillates vertically when the wheel rotates with a constant 
angular velocity of w. If the amplitude of the steady-state 
vibration is observed to be 400 mm, and the springs each 
have a stiffness of k = 2500N/m, determine the two 
possible values of w at which the wheel must rotate. The 
block has a mass of 50 kg. 


In this case, kz, = 2k = 2(2500) = 5000 N/m Thus, the natural circular frequency 
of the system is 


lk. [5000 
On = = = Al gqe = 10 rad/s 


Here, 59 = 0.2 mand (Yp)max = +0.4 m, so that 


12.2 rad/s 


7.07 rad/s 
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22-59. The spring system is connected to a crosshead that 
oscillates vertically when the wheel rotates with a constant 
angular velocity of w = 5 rad/s. If the amplitude of the 
steady-state vibration is observed to be 400 mm, determine 
the two possible values of the stiffness k of the springs. The 
block has a mass of 50 kg. 


In this case, k,, = 2k Thus, the natural circular frequency of the system is 


k, 
pea 2S JE SA tae 
m 50 


Here, 59 = 0.2 mand (Y p)max = +0.4 m, so that 


k = 1250 N/m 
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*22-60. Find the differential equation for small 
oscillations in terms of 6 for the uniform rod of mass m. 
Also show that if c << Vmk/2, then the system remains 
underdamped. The rod is in a horizontal position when it is 
in equilibrium. 


Equation of Motion: When the rod is in equilibrium, @ = 0°, F, = cy, = 0 and 
6 = 0. writing the moment equation of motion about point B by 
referring to the free-body diagram of the rod, Fig. a, 


+3Mz, = 0; F(a) me( 4) =0 


F m 
Thus, the initial stretch of the spring is sp = s = oe When the rod rotates about 


point B through a small angle 6, the spring stretches further by s; = a6. Thus, the 


m 
force in the spring is Fy, = k(sp + 51) = i 2 wa). Aso the velocity of end C 


2k 


of the rod is v. = jy, = 2a0.Thus, F. = cy, = c(2a0). The mass moment of inertia of 


1 
the rod about B is Iz = D m(3a)* 4 n($ 


writing the moment equation of motion about B, 


2 
) = ma’. Again, referring to Fig. a and 


mg . a 
=Mz = Iga; (3 + w) cos O(a) + (2a0) cos 6(2a) — mg cos (S) 


2k 


= —mao 


4c . k 
6 + — cos 66 + — (cos 0)6 = 0 
m m 


Since 6 is small, cos 9 = 1. Thus, this equation becomes 


4c 


‘ ak 
6+—0+—0=0 
m m 


Comparing this equation to that of the standard form, 


k 


m 


lk 
Co = 2ma, = 2m = = 2V mk 


For the system to be underdamped, 


4c < 2V mk 
1 
Cc <3V mk 
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022-61. If the dashpot has a damping coefficient of 
c=S50N-s/m, and the spring has a stiffness of 
k = 600 N/m, show that the system is underdamped, and 
then find the pendulum’s period of oscillation. The uniform 
rods have a mass per unit length of 10 kg/m. 


D 


Equation of Motion: When the pendulum rotates point C through a small angle 6, the 0GU0K4- 3 DN 
spring compresses s=0.30. Thus, the force in the spring is 

Fz = ks = 600(0.30) = 1806. Also, the velocity of end A is v4 = y, = 0.30. Thus, 

Fa= cy, = 50(0.30) = 159. The mass moment of inertia of the pendulum about point 

Cis Ic = a ‘0.610)(06° | + +] o.640)(0.6°)| = 0.9 kg: m’. Referring to the free- 

body diagram of the pendulum, Fig. a, 


Mc =Ica, — —1800 cos 6(0.3) — 158 cos 6(0.3) — 0.6(10)(9.81) sin 4(0.3) = 0.90 
6 + 5cos 60 + 60.cos 660 + 16.62 sind = 0 


Since 6 is small, sin 6 = 0 and cos 6 = 1.Thus, this equation becomes 
6 + 50 + 79.62 = 0 
Comparing this equation to that of the standard form, 
w, = 8.923 rad/s 
Here, m = 2[(10)(0.6)| = 12kg. Thus, c,, = 5m = 5(12) = 60N-m/s. Also, 


Co = 2m, = 2(12)8.923 = 214.15 N+ m/s. Since c.g < c,, the system is underdamped 
(Q.E.D.). Thus, 


Wq = 


60 \? 
8.923 1- (2) 


= 8.566 rad/s 


Thus, the period of under-damped oscillation of the pendulum is 


21 2a 
= 7 =~ “T__ 9734 
@, 8.566 : 


Td 
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22-62. If the 30-kg block is subjected to a periodic force of 
P = (300 sin 5t)N, & = 1500 N/m, and c = 300N-s/m, 
determine the equation that describes the steady-state 
vibration as a function of time. 


Here, k,, = 2k = 2(1500) = 3000 N/m. Thus, the circular frequency of the system is 


[Ke [3000 
Oy, = = = 10 rad/s 
m 30 


The critical damping coefficient is 


Co = 2m, = 2(30)(10) = 600 N-s/m 


Then, the damping factor is 


c _ 300 
us x 600 = 0.5 


Here, Fg = 300 N and w = 5 rad/s. 
Fo/ Keg 


2 
Wn 


300/3000 


; (5) | | 22 P 


= 0.1109 m 


Y= 


= 0.588 rad 


yp = 0.111 sin (St — 0.588) m 
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22-63. The block, having a weight of 15 Ib, is immersed in 
a liquid such that the damping force acting on the block has <a | 
a magnitude of F = (0.8|v|) lb, where v is the velocity of 
the block in ft/s. If the block is pulled down 0.8 ft and 
released from rest, determine the position of the block as a k= 40 lb/ft 
function of time. The spring has a stiffness of k = 40 Ib/ft. 

Consider positive displacement to be downward. 


k 40 
Viscous Damped Free Vibration: Here c = 0.8lb-s/ft, p = = ~ \ 15/322 


1 
= 9.266 rad/s and c, = 2mp = (wo 266) = 8.633 lb-s/ft. Since c < c,, the 


system is underdamped and the solution of the differential equation is in the form of 


y = Die“ sin (pgt + $)| [1] 


Taking the time derivative of Eq. [1], we have 


v=y= D -( Jer sin (pat + &) + page“? cos (pat + | 


= De 2m) -(<) sin (pat + o) + pg cos (pat + ’, 
m 
Applying the initial condition v = 0 at t = 0 to Eq. [2], we have 


0 = De® |-(<) sin (0 + 6) + py cos (0 + ’ 


0=D| ( s ) sing ov. [3] 
2m 


Cc (=) (;< =) 
H = 0.8587 and py = p,/1 9.266, /1 
Oa) Sar 2) ee oe (< (5 acs) 


= 9.227 rad/s. Substituting these values into Eq. [3 ia) 


0 = D[-0.8587 sin @ + 9.227 cos d] [4] 
Applying the initial condition y = 0.8 ft at t = 0 to Eq. [1], we have 
0.8 = Die sin(0 + ¢)| 
0.8 = Dsing 
Solving Eggs. [4] and [5] yields 
& = 84.68° = 1.50 rad D = 0.8035 ft 


Substituting these values into Eq. [1] yields 


y = 0.803] e~°*%” sin (9.23¢ + 1.48)] 
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*22-64. The small block at A has a mass of 4 kg and is 
mounted on the bent rod having negligible mass. If the rotor 
at B causes a harmonic movement 6, = (0.1 cos 15t) m, 
where f is in seconds, determine the steady-state amplitude 
of vibration of the block. 


(0) 


WA 2 


+2Mp=Ipa,  4(9.81)(0.6) — F,(1.2) = 4(0.6)6 


F, = kx = 15(x + x, — 0.1 cos 15¢) 


_ 4(9.81)(0.6) 


“st 72(15) 


—15(x — 0.1 cos 15¢)(1.2) = 4(0.6)?0 
x = 1.20 


6 + 156 = 1.25 cos 15t 


Set x, = C cos 15t 
—C(15)? cos 15t + 15(C cos 15t) = 1.25 cos 15t 


1.25 


io 15 — (157 = —0.00595 m 


Cc 


Omax = C = 0.00595 rad 


Ymax = (0.6 m)(0.00595 rad) = 3.57 rad 
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022-65. The bar has a weight of 6 lb. If the stiffness of the 
spring is k = 8lb/ft and the dashpot has a damping 
coefficient c= 60lb-s/ft, determine the differential 
equation which describes the motion in terms of the angle 0 of 
the bar’s rotation. Also, what should be the damping 
coefficient of the dashpot if the bar is to be critically damped? 


C+EMa= Iya 612.5) ~ (6092303) ~ 801 + vant) = |2(495 J” fi 


1.55286 + 180. + 40y, + 40y,, — 15 = 0 [1] 


From equilibrium 40y,, — 15 = 0. Also, for small 0, y,; = 56 and y, = 36 hence 
V2 = 36. 


From Eq. [1] 1.55280 + 180(30) + 40(50) = 0 


1.556 + 5400 + 2000 = 0 


By comparing the above differential equation to Eq. 22-27 


200 
m = 1.55 k = 200 =, 155 = 11.35 rad/s c = 9¢-p 


= 2 \/200(1.55) = 3.92 Ib-s/ft 


9 
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22-66. A block having a mass of 7 kg is suspended from a 
spring that has a stiffness k = 600 N/m. If the block is given 
an upward velocity of 0.6 m/s from its equilibrium position 
at t = 0, determine its position as a function of time. 
Assume that positive displacement of the block is 
downward and that motion takes place in a medium which 
furnishes a damping force F = (50|v|) N, where v is the 
velocity of the block in m/s. 


c=S50N s/m k=600N/m m=7kg 


[k [600 
Wn ae 7 9.258 rad/s 


Co = 2mwy, = 2(7)(9.258) = 129.6 N+s/m 


Since c < c,, the system is underdamped, 


c \? 50 \? 
04 = On >/1 (<) = 9.258 1- (35) = 8.542 rad/s 


SUE Sasi 
2m 2(7) 


From Eq. 22-32 


y=D e-Gn)! sin (wat + $) 


y = D| et wy cos (wgt + b) + (- a en) sin (wat + ) 


v = Den)! [w, cos (wt + d) 


- sin (wyt 4 )| 


Applying the initial condition at t = 0, y = 0 and v = —0.6 m/s. 
0 = Die sin (0 + ¢)] since D#0 
sind = 0 od = 0° 
—0.6 = De~° [8.542 cos 0° — 0] 
D = —0.0702 m 


y = {-0.0702[e73°” sin (8.540)]} m 
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22-67. A 4-lb weight is attached to a spring having a 
stiffness k = 101b/ft. The weight is drawn downward a 
distance of 4 in. and released from rest. If the support 
moves with a vertical displacement 6 = (0.5 sin 4r) in., 
where ¢ is in seconds, determine the equation which 
describes the position of the weight as a function of time. 


From Prob. 22-46 


y= Asinw,t + Bcosa,t + SiN wot 


220 
a 
5 &o 

= (22) 


The initial condition when t = 0, y = yy and v = v9 


v= y= Aa, cos w,t — Bw, sin w,t + COS Wot 


y =O0+B+0 B= yw 


5 ®o 


aa) 


60 


= 


sin Wot 


) ‘ 
= | SIN @,f + Yo COS w,t + 
0 


On wy, — 2 
aa ae 
me Mon Nag 
0.5/12 


4 
1 (xo) 
By _ __(0.S/12)4 
8.972 — xh5 


= 0.0520 


0.0232 


y = {-0.0232 sin 8.97t + 0.333 cos 8.97t + 0.0520 sin 47} ft 


1040 


91962_13_s22_p0988-1046 6/8/09 6:10 PM Page 1041 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*22-68. Determine the differential equation of motion 
for the damped vibratory system shown. What type of 
motion occurs? 


k = 100N/m 


+ IF, = may; mg — k(y + yo) — 2cy = my 


ky. — mg = 0 
Equilibrium kyy — mg = 0 


my + 2cy + ky = 0OHerem = 25kg k = 100N/m 


c = 200N: s/m 


c= 200N-s/m 


25y + 400) + 100y = 0 


y+ 16y + 4y =0 


By comparing Eq. (1) to Eq. 22-27 KC yt ds 4) 


m=25 k=100 c= 400 a, = [4 = 2radjs 


Ce = 2m = 2(25)(2) = 100 N+ s/m 


Since c > c,, the system will not vibrate. Therefore, it is overdamped. 
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022-69. The 4-kg circular disk is attached to three springs, 
each spring having a stiffness A = 180 N/m. If the disk is 
immersed in a fluid and given a downward velocity of 
0.3 m/s at the equilibrium position, determine the equation 
which describes the motion. Consider positive displacement 
to be measured downward, and that fluid resistance acting 
on the disk furnishes a damping force having a magnitude 
F = (60|vl) N, where v is the velocity of the block in m/s. 


k = 540 N/m 


On =| : A ea 11.62 rad/s 
m 4 


Cc. = 2m, = 2(4)(11.62) = 92.95 


F = 60v,so that c = 60 


Since c < c,, system is underdamped. 


_ ly _ (£y2 
Od Wn 1 Ce) 
60 5 
1625 Fis (a) 


= 8.87 rad/s 
y = Ale“ sin (out + $)] 
y=0,v = 03 atr=0 
0= Asind 
A # 0 (trivial solution) so that ¢ = 0 


(7 


2 en sin (wat + b) + e &™" cos (wat + $)(w,)] 
m 


0.3 = A[0 + 1(8.87)] 


A = 0.0338 


Substituting into Eq. (1) 


y = 0.0338[e~ 5” sin (8.87)1] 


Expressing the result in mm 


y = 33.8[e77~ sin (8.87¢)] mm 
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22-70. Using a block-and-spring model, like that shown in 
Fig. 22-13a, but suspended from a vertical position and 
subjected to a periodic support displacement of 
5 = dy COS wot, determine the equation of motion for the 
system, and obtain its general solution. Define the 
displacement y measured from the static equilibrium 
position of the block when t = 0. 


+l=F, = may; 


k8o COS Wot + W kb ky = my 
Since W = ké,, 


. kK k6o 
y + — y = — COS wot 
m m Kdy COSwyl 


yc = Asinw, y + Bcos , y (General sol.) 


Yp = C cos wot (Particular sol.) 


Substitute y,, into Eq. (1) 


>_k k8o 
C(—a@9* + —) cos wot = —— COS wot 
m m 


Thus, y = yo + yp 


y = Asin wt + Bos wt + —™ cog wot 
kK _ 4,2 
Ga ~ 0°) 


22-71. The electric motor turns an eccentric flywheel 
which is equivalent to an unbalanced 0.25-lb weight 
located 10 in. from the axis of rotation. If the static 
deflection of the beam is 1 in. due to the weight of the 
motor, determine the angular velocity of the flywheel at 
which resonance will occur. The motor weights 150 lb. 
Neglect the mass of the beam. 


Fi J 966 lb/ft 0, = eee LL 
8 1/12 m 150/32.2 


Resonance occurs when @y = @, = 19.7 rad/s 
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*22-72. What will be the amplitude of steady-state 
vibration of the motor in Prob. 22-71 if the angular velocity 
of the flywheel is 20 rad/s? 


The constant value F, of the periodic force is due to the centrifugal force of the 
unbalanced mass. 


0.25 \ (10 
Fo = ma, = mrao” ( )( 1 )@20)? = 2.588 1 


32.2 


Hence F = 2.588 sin 20t 


F150 k 1800 
= — = =~ = 18001b/ft = /—= = 19.657 
eanieae) / On = lm — V150/322 


From Eq. 22-21, the amplitude of the steady state motion is 


2.588/1800 


i -( 20 i 
19.657 


= 0.04085 ft = 0.490 in. 


e22-73. Determine the angular velocity of the flywheel in 
Prob. 22-71 which will produce an amplitude of vibration of 
0.25 in. 


The constant value F, of the periodic force is due to the centrifugal force of the 
unbalanced mass. 


2 0.25\/10\ 5 2 
Fo = ma, = mrow = 30/\i2)® = 0.006470@ 


F = 0.006470" sin wt 


150 k 1800 
= —~ = 1800 lb/ft = /==,] = 19.657 
6 1/12 ft P= in = V 150/322 


From Eq. 22.21, the amplitude of the steady state motion is 


Fo/k 
3) 
P 
0.006470( of ) 
1800 


2 
@ 
(=25) 


19.0 rad/s 


A = 20.3 rad/ 
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22-74. Draw the electrical circuit that is equivalent to the 
mechanical system shown. Determine the differential 


2 : : : dole Ne F = Fy cos wt 
equation which describes the charge q in the circuit. 


For the block, 


mx + cx + kx = Fo cos ot 


Using Table 22-1, 


1 
Lq + Rq + (G4 = E, cos wt 


L. 


C 


22-75. Determine the differential equation of motion for 
the damped vibratory system shown. What type of motion 
occurs? Take k = 100 N/m,c = 200 N:s/m,m = 25 kg. 


Free-body Diagram: When the block is being displaced by an amount y vertically 
downward, the restoring force is developed by the three springs attached the block. 


Equation of Motion: 


+1T=F, = 0; 2cy — mg = —my 


y + 2cy + 3ky = 0 [1] 


Here, m = 25kg,c = 200 N-s/m and k = 100 N/m. Substituting these values into 
Eq. [1] yields 


25 + 400) + 300y = 0 


y+ loy + 12y=0 Ans. 


Comparing the above differential equation with Eq. 22-27, we have m = lkg, 
[k /12 
c = 16N:s/mandk = 12 N/m. Thus, p = ,/— = cae 3.464 rad/s. 
m 
Co = 2mp = 2(1)(3.464) = 6928 N-s/m 


Since c > c,, the system will not vibrate. Therefore it is overdamped. 


1045 


91962_13_s22_p0988-1046 6/8/09 6:12 PM Page 1046 cP 


© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently 
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


*22-76. Draw the electrical circuit that is equivalent to 
the mechanical system shown. What is the differential 


equation which describes the charge q in the circuit? 
F = Fy cos wt 


Electrical Circuit Analogs: The differential equation that deseribes the motion of 


the given mechanical system is 


mx + cx + 2kx = Fo cos ot 
From Table 22-1 of the text, the differential equation of the analog electrical circuit is 


Ans. 


2 
Lq + Rq + (2)a = Ecos at 


c 


°22-77. Draw the electrical circuit that is equivalent to 
the mechanical system shown. Determine the differential 
equation which describes the charge q in the circuit. 


For the block 


my +cy+ky=0 


Using Table 22-1 
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